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ABSTRACT 
The overall objectives of this study were to determine the feasibility of using natural 
monoterpenoids as alternatives to the conventional insecticides and to investigate the 
biological properties of monoterpenoids and their synthetic derivatives. The evaluations for 
biological properties of monoterpenoid compounds were undertaken against economically 
important pest species, including the western com rootworm, the European com borer, the 
two-spotted spider mite, the house fly, the German cockroach, the rice weevil, the red flour 
beetle, the sawtoothed grain beetle, and soybean cyst nematode with several systematic 
bioassays and parameters showing biological activities. 
From the results, a wide range of monoterpenoids showed acute topical toxicity 
against insects tested: citronellic acid, thymol, citronellol, and thujone were the most toxic 
topically; among the monoterpenoids lethal to the mite at high concentrations 
carvomenthenol and terpinene-4-ol were especially effective. Soil bioassays revealed that 
monoterpenoids had larvicidal activity against the com rootworm. Several selected 
monoterpenoids also effectively protected com roots and leaves from com rootworm attack 
under greenhouse conditions. Some monoterpenoids were phytotoxic to plants; however, 
derivatization showed potential for reducing phytotoxicity. New monoterpenoid 
derivatives can be synthesized by the structural modification or derivatization of parent 
compounds. The series of synthetic compounds included acyl and ether derivatives from some 
monoterpenoid alcohols and phenols. Some derivatives showed significantly enhanced 
xiu 
acute topical toxicity, larvicidal, and fumigation activity in comparison with their parent 
compounds when acyl moieties were introduced. Insecticidal toxicity varied depending on the 
fiuictional groups added; generally, the acetate derivatives were more active. Because of the 
volatility of monoterpenoids, fumigation might be one of the major potential uses of 
monoterpenoids, for example, against stored-grain insects. Ketones were generally more 
toxic in the preliminary fiimigation toxicity test. Ifigher temperatures and longer exposure 
times resulted in enhanced toxicity, and the kind of grain in the container also influenced the 
fumigation activity. Dietary exposure methods were utilized to determine the larvicidal 
activity and insect growth regulation effect against the European com borer, which can be 
reared on artificial diet. Most monoterpenoid compounds showed some degree of larvicidal 
activity, and the larvicidal toxicity was significantly enhanced for the structurally modified 
compounds. In chronic evaluation tests, monoterpenoid compounds influenced the growth 
and development of com borer larvae; some monoterpenoid compounds acted as com borer 
growth inhibitors. Although the acute topical, larvicidal, fumigation activities, and other 
biological properties suggested that monoterpenoids had some degree of insecticidal 
properties and some of synthetic derivatives showed much enhanced insecticidal and other 
biological activities, these effects were not comparable to commercial organic insecticides. 
An efficient bioassay to detect the CO2 produced fi-om the respiration of the soybean cyst 
nematode was designed using the infi'ared-gas analyzer (IRGA). Quantitative structure-
activity relationships might be important to optimize and explain the interactions between 
xiv 
monoterpenoids and their biological activities. Partition coefiScients (expressed by Clog-P), 
one of the parameters in QSARs, were calculated and correlated with insecticidal activities. 
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CHAPTER 1. GENERAL BSTRODUCnON 
Introduction 
Pesticides are the substances or mixtures of substances specially designed and 
developed for use in the control of various pests of agricultural and horticultural crops and of 
public health in order to increase the production of food and fiber for providing a better 
quality of life, and to fiiciliate modem agricultural methods. Pesticides are generally divided 
into three major classes; insecticides, herbicides, and fungicides. Pesticides have a long 
history. Since several inorganic and organic pesticides have been introduced in agriculture 
fi'om about 1,000 B.C., many materials have been found effective for controlling pests. Those 
include pyrethrum, lime, sulfur, arsenic, and soaps (Ware 1994). After World War n, many 
diverse kinds of organically synthesized pesticides were rushed into the pesticide market. 
These organic compounds, which were classified as organochlorines, organophosphates, 
organosulfiirs, carbamates, and pyrethroids, could increase crop quality and quantity 
dramatically; however, they had some adverse effects on people, wildlife, aquatic organisms, 
and the environment. 
Recently, many of the data requirements for pesticide registration or reregistration 
have been focused on the environment and nontarget organisms after creation of the EPA in 
1970 (Ware 1994). The level of data requu-ed by various regulatory bodies has been 
increasing steadily (Wood Mackenzie 1994). Consequently, we need new, safer, and 
environmentally fiiendly pesticides to meet the demands of social expectations, environmental 
conditions, technical possibilities, and economic profitability. Many of the earlier pesticides 
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were extracted from plants and several plant sources were exploited widely as plant protection 
agents until synthetic chemicals largely replaced their roles. Some of the most successful 
examples were the use of the terpenoids as pesticides. My research emphasized the 
monoterpenoids, one branch group of terpenoids. 
The aims of my research were to study the insecticidal properties and other biological 
properties of some monoterpenoidal compounds against the most important insect pests by 
using various bioassays (laboratory, greenhouse, and field tests); to develop the proper use of 
monoterpenoids in the agrochemical market; to make monoterpenoid derivatives having 
enhanced insecticidal activities, and safer in the environment. Furthermore, for greater 
understanding of the monoterpenoids, I tried to reveal the modes of action of monoterpenoids 
to several insects as well as structure-activity relationship (SAR) studies. 
Pest Damage and the Agrochemical Market 
Pests include harmful, destructive, or troublesome animals, plants, or microorganisms 
such as insects, mites, weeds, plant diseases, nematodes, snails, and rodents. Among them, 
insects are the main target in this dissertation. One third of the world's principal food sources 
are known to have been damaged by these pests during growth, harvest, and storage. Losses 
are even higher in emerging countries. For instance, the Food and Agricultural Organization 
(FAQ) of the United Nations has estimated that fifty percent of the cotton produced in 
developing countries would be destroyed without the use of insecticides. In the United States 
alone, crop losses due to pests are about thirty percent, $30 billion in cash, annually, despite 
the use of pesticides and other current control methods. 
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The agrochemicals market is one of the biggest chemical markets in the world. The 
value of the world market for pesticides in 1994 is estimated at $27,825 million (m) at the 
end-user level. Growth in the worldwide agrochemical market has averaged 7.3% per annum 
(in money-of-the-day terms) since 1984. Fig. 1 shows the comsumption of pesticides by 
region. North America is the biggest market with 29.8% share ($8,300 m), followed by East 
Asia with 26.6% ($7,415 m). West Europe with 24.2% ($6,720 m), Latin America with 
10.5% ($2,930 m), and East Europe with 3.4% ($955 m). Fig. 2 shows the world 
agrochemical market split into key groups. Herbicides accounted for 46.7% ($12,995 m) of 
the total, followed by insecticides (29.1%, $8,110 m), and fungicides (19.5%, $5,420 m). In 
1994, the global agrochemical market in terms of value can be divided between crops as 
shown in Fig. 3. The crops in this figure account for 84% of the herbicide use, 86% of the 
insecticide, and 93% of the fungicide. The leading crops in pesticide use are fruits and 
vegetables (25.2%), followed by cereals (14.2%), rice (13.0%), maize (11.2%), and cotton 
(10%). The most important single crops are rice, cotton, and maize from the data. 
Natural Products as Pesticides 
The amount of synthetic pesticides used in agricultural practices has been increasing 
gradually year after year. In the recent years some synthetic pesticides have been proven to be 
problematic and banned. The reasons are that some have shown very long persistence in the 
environment and some have serious toxicity to nontarget organisms. Furthermore, some 
pesticides and their metabolites have contaminated groundwater or caused chronic side-effects 
West Europe 
24% 
30% 
Total = S27,825 miUion (1994) 
Fig. 1 World agrochemicai market split by region (Wood Mackenzie 1995) 
Fungicide 
20% Others 
tsisiss"'^  
Insecticide 
29% 
Herbicide 
47% 
Total = $27,825 miUion (1994) 
Fig. 2 Worid agrochemicai market split by key group (Wood Mackenzie 1995) 
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Sugar Rape Others 
Fruits and 
Vegetables 
25% 
Total» $27,825 mUlion (1994) 
Fig. 3 World agrochemical market split by crops (Wood Mackenzie 1995) 
such as cancer, reproductive disorders, and birth defects. In addition, many pesticides which 
were highly eflFective previously are no longer effective because various pest species have 
developed resistance capabilities as defenses against synthetic pesticides. More biodegradable 
and safer natural products could be considered as one means of alternative pest control. 
Natural products have been used for centuries and are well known to have a wide 
range of biological properties (PiUmoor et al 1993). They are one possible source of future 
pesticides and are believed to hold potential for sloving some agricultural pest problems. 
They also can be used as lead chemicals for further research activities. Among them, plants 
are well known sources of natural products with the production of a diverse range of 
secondary metabolites such as terpenoids, alkaloids, polyacetylenes, flavonoids, and others 
Cotton 
10«/« 
13% 8% 11% 
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(Benner 1993). Integrated considerations are necessary to find good pesticidai properties 
after a natural product has shown any potential activity through biological screening field and 
chemical structural modifications. There are very few natural products having the 
characteristics required to compete with the commercial synthetic products. Pyrethrum, 
rotenone, nicotine, and azadirachtin are good examples of natural insecticides. 
Terpenoids and Monoterpenoids 
Terpenoids (synonomously terpenes or isoprenoids) are diverse natural products 
derived through common biosynthetic pathway intermediates produced by condensation of 
five-carbon isoprenoid units to mevalonate as parent compound (Fig. 4). They are typically 
derived fi'om higher plants, mosses, liverworts, algae, and lichens as well as some insects or 
microbials. The terpenoids made fi'om geranylpyrophosphate (GPP, Cu), 
famesylpyrophosphate (FPP, Cis), and geranylgeranylpyrophosphate (GGPP, C20) are named 
monoterpenoids, sesquiterpenoids, and diterpenoids, respectively (Table 1) (Banthorpe 1991, 
Duke 1991). Many components in this terpenoid group have been introduced as ingredients 
of flavors, soaps, narcotics, perfiimes, drugs, and pigments (Banthorpe 1991). Because of 
their water insolubility, terpenoids are found in epidermal glands of higher plants and 
nonliving resin canals. Duke (1991) noted that the myriad of secondary compounds fi-om 
plants were the coevolutionaiy result of numorous plant species with many pathogens and 
herbivorous organisms such as insect and animal species, but the true defensive functions of 
many plant secondary metabolites have not been fiilly revealed yet. Recent studies on 
terpenoids as plant secondary metabolites have begun to exploit this group of compounds 
7 
Acetyl -CoA 
Mevalonate 
5-carbon Isopentenyl-PP DMA-PP 
J 
10-carbon Geranyl-PP 
IPP 
15-carbon Famesyl-PP *• Squalene 
IPP 
Monoterpenoids Steroids and other 
Triterpenoids 
/ 
Sesquiterpenoids 
20-carbon Geranylgeranj^PP *• Phytol • Chlorophyll 
Gibberellic Acid 
Phytoene 
Phytofluene 
Carotenoids 
Xanthophylls 
Fig. 4 Terpenoid pathway in plants (Duke 1991) 
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Table 1. Classification of terpenoids and subgroups (Banthorpe 1991) 
No. of C Name Parent Subclasses Occurrence 
10 
15 
20 
25 
30 
40 
monoterpenoids GPP 
sesquiterpenoids FPP 
diteq)enoids GGPP 
sesterpenoids GFPP 
tritcrpenoids squalene 
iridoids 
abscisic acid; 
Cij-lactones 
gibberellins 
carotenoids phytoene 
phytosterols, 
cardenolides 
saponins 
oils 
oils, resins 
resins, bitters 
heartwood 
resins, bitters 
heartwood 
resins, bitters 
heartwood, latex 
green tissue, 
roots, fruits 
10^ -10* rubbers GGPP latex, roots 
for pest control, especially targeted at insects. A successful example of terpenoids as an 
insecticide is the pyrethrins, which are Chrysanthemum terpenoids. Since the chemical 
structures of the active ingredients of pyrethrins were identified, many analogs have been 
synthesized and some of them were commercially successful because they had more activity, 
stability, and safety. Toxaphene, the polychlorinated product of camphene, and ryanodine, an 
alkaloidal diterpene from the insecticidal powdered stem wood of Ryania specisa, have a 
relation to terpenoids. 
9 
Monotepenoids are the simplest class and the most commonly distributed in the 
essential oils, the steam volatile cc!!stituents, and are industrially the most important among 
terpenes (Dev et al. 1982). As mentioned above, monoterpenoids are Cio compounds based 
on two isoprenes (CsH«), characterized by the *head-to-tail* linkage, although several 
compounds contain more than ten carbons (Fig. 5). Although the interest in monoterpenoids 
was primarily started from perfumes and food additives, monoterpenoids have many 
exploitable biological properties including antibacterial and antifungal, anticancer, herbicidal 
activity, as well as insecticidal activity. Monoterpenoids are well known for allelopathic 
interactions between higher plants based on cytotoxicity to plant tissues by the reduction of 
mitochondria and Golgi bodies, the impairing respiration and photosynthesis, and the 
decreased cell membrane permeability (Charlwood and Charlwood 1991). Monoterpenoids 
are also involved in plant interactions with insects and other animals. Camphor and citronellal 
were used commercially as insect repellents, and 1,8-cineole was also used as a mosquito 
repellent. Limonene is still used in flea shampoos for pets. Because of their volatility, they 
can have activity as repellents, attractants, and feeding or oviposition deterrents. Recently 
there have been numerous reports by many researchers on the relationships between insects 
and monoterpenoids, trying to show efiQcacy or to reveal their modes of action (Sharma and 
Saxena 1974, Gundersone/a/. 1985, Everaertse/a/. 1988, Harwood era/. 1990, Hough-
Goldstein 1990, Karr and Coats 1988, Karr etal. 1990, Karr and Coats 1992, Khoshkhoo et 
al 1993, Bauske etal. 1994, Rice and Coats 1994). Monoterpenoids have a wide distribution 
in insects as the metabolic precursors of pheromone syntheses, although many constituents 
may be of dietary origin (Charlwood and Charlwood 1991). The monoterpenoids seem to 
10 
Acyclic 
Monocyclic 
OH 
a-Terpmeol 
OH 
Creraniol Nerol Linalool Myrcene 
1,8-Cineole Limonene Terpinolene 
Bicvclic 
OH 
Menthol Pulegone 
1 
JL ICT° 
X 
a-Pinene 
II 
Thujone 
° A S 
Artmesia Lavandulol 
ketone 
A -Carene 
OH 
Carvone Thymol 
Camphor 
.H._ 
Irreeular 
Fenchone y-Thujaplicin 
Fig. 5 Representative monoterpenoids (Loomis 1967) 
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play a prominent and intricate part in defensive mechanisms. Everaerts et al. (1988) noted 
some monoterpenoids, a-pinene, P-pinene, limonene, and myrcene, were produced and 
secreted by Nasutitermitinae termite species as a defensive secretion. 
Insects can evolve defense mechanisms against adverse effects of plant terpenoids. 
Cytochrome P-450 involved mixed-fiuiction oxidases can metabolize and detoxify some 
terpenoids (Brattsten 1983), and simple monoterpenoids may be degraded more easily than 
complexed terpenoids. There are other approaches to enhance their insectiddal activity and 
to create advantages in the environment, through chemical structural modifications, as 
demonstrated by many researchers' efiforts (Cowles etal. 1990, Rice and Coats 1994, Tsao et 
al. 1995). Monoterpenoid derivatives or analogs can possess many advantages over the 
parent compounds in biological activity, selectivity, stability, safety, phytotoxicity, and plant 
translocation (Fahmy 1986). 
Dissertation Objectives 
The overall objectives of my research were to determine the feasibility of using natural 
monoterpenoids as alternatives to the conventional insecticides, and to investigate the 
insecticidal properties of monoterpenoids and their derivatives. The evaluation of 
monoterpenoids and their derivatives was done in several steps of bioassays against some 
important insect pests, including the western com rootworm and the European com borer as 
com insect pests; the two-spotted spider mite as a horticultural pest; the house fly and the 
German cockroach as public health insects; the rice weevil, the red flour beetle, and the 
sawtoothed grain beetle as stored insect pests; and the soybean cyst nematode from the plant 
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pathology species. Some simple derivatives were designed for the possible improvement of 
residual activity of the monoterpenoids in soil and other environments, and for enhancing their 
insecticidai toxicity through increased lipophilicity. Specific objectives of this research were 
to: 
1. Evaluate insecticidai activity and crop protection of candidate 
monoterpenoids against com insects, the western com rootworm and the 
European com borer, through systematic bioassay systems. 
2. Determine biological activities against other species including some public 
health insects, stored product insects, a phytophagous mite, and a nematode 
species. 
3. Investigate the enhanced insecticidai activity of derivatized monoterpenoid 
compounds in comparison with the parent compounds. 
4. Study the modes of action of monoterpenoids on target sites in insect bodies 
and the side efiTects such as phytotoxicity. 
5. Evaluate structure-activity relationships between monoterpenoid structures and 
insecticidai efiBcacies. 
Evaluation of the insecticidai properties of monoterpenoids and their synthetic derivatives may 
show a potential use as alternatives to conventional insecticides, and may lead to the better 
understanding of quantitative stmcture-activity relationships (QSARs) for the further study. 
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Dissertation Organization 
This dissertation is composed of an abstract, a general introduction, four journal 
papers, a general conclusions, two appendices, and a general references section. The first 
paper was submitted and accepted by the Journal of Economic Entomology. This paper 
addresses insecticidal activity of monoterpenoids to the western com rootworm (Coleoptera; 
Chtysomelidae), the two-spotted spider mite (Acari: Tetranychidae), and the house fly 
(Diptera: Muscidae). The purpose of this paper is to examine the spectrum of insecticidal 
activities of naturally occurring monoterpenoids against some important target pests through 
systematic bioassays. The second paper was titled 'Insecticidal activities of monoterpenoid 
derivatives against several insect pests", and has been submitted to Pesticide Science. This 
paper compares the insecticidal properties of some naturally occurring monoterpenoids with 
those of their derivatives against several important insect pest species. It demonstrates more 
effective monoterpenoid derivatives having enhanced activity and selectivity in controlling the 
target insects in comparison with parent monoterpenoids. In addition, structure-activity 
relationships are explored among different derivatives to provide more useful information for 
further study. The third paper addresses comparison of the fumigation toxicity of 
monoterpenoids against the red flour beetle (Coleoptera; Tenebrionidae). This paper has been 
submitted to the Jomval of Economic Entomology. The paper evaluates the effect of 
different temperatures and exposure periods on fumigation toxicity of some monoterpenoids. 
We hoped to have somewhat increased toxicity and to determine the optimum conditions 
which may make monoterpenoids more competitive with other flimigants. The fourth paper 
was submitted to the Journal of Economic Entomology under the title "Influence of dietary 
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monoterpenoids and derivatives on survival and growth of the European com borer, Ostrinia 
mbilaJis (Lepidoptera; Pyralidae)". This paper describes research conducted to reveal the 
influence of several monoterpenoids and their derivatives on survival of European com borer 
larvae, their pupation rate, the adult emergence rate, and the duration of larval and pupal 
periods as growth regulatory effects. In addition, the differences in results from two different 
application methods are observed: test compounds applied onto the surface of the diet versus 
those incorporated into the diet. General conclusions, and appendices, along with the general 
references section, follow the fourth paper. The appendices contain studies on the 
quantitative structure-activity relationships (QSAR) with calculated partition coefBcients 
(Clog-P) for monoterpenoid structures with insecticidal activities and on the timesaving 
respiration bioassay measuring the CO2 production in the soybean cyst nematode and the 
American cockroach. The general references list those that are cited in the general 
introduction. 
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CHAPTER 2. INSECnCTOAL ACnVITY OF MONOTERPENOmS TO 
WESTERN CORN ROOTWORM (COLEOPTERA: CHRYSOMELIDAE), TWO-
SPOTTED SPIDER MITE (ACARI: TETRANYCHIDAE), AND HOUSE FLY 
(DIPTERA: MUSCmAE) 
A paper accepted by the Journal of Economic Entomology 
Sangkyun Lee''*, Rong Tsao^ Christopher Peterson', and Joel R. Coats^ 
ABSTRACT Acute toxicities of thirty-four naturally occurring monoterpenoids were 
evaluated against three important arthropod pest species; the larva of the western com 
rootworm, Diabrotica virgifera virgifera (LeConte); the adult of the two-spotted spider mite, 
Tetranychus urticae (Koch); and the adult house fly, Musca domestica (L.)- Potential 
larvicidal or acaricidal activities of each monoterpenoid were determined by topical 
application, leaf-dip method, soil bioassay, and greenhouse pot tests. Phytotoxicity was also 
tested on a com plant. Citronellic acid and thymol were the most toxic topically against the 
house fly, and citronellol and thujone were the most efiFective on the western com rootworm. 
Most of the monoterpenoids were lethal to the two-spotted spider mite at high concentrations; 
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carvomenthenol and terpinen-4-ol were especially effective. A wide range of monoterpenoids 
showed some larvicidal activity against the western com rootworm in the soil bioassay. 
Perillaldehyde, the most toxic (LCso= 3 Mg/g) in soil, was only one-third as toxic as 
carbofuran, a commercial soil insecticide (LCso = 1 Hg/g)- Selected monoterpenoids also 
effectively protected com roots from attack by the western com rootworm larvae under 
greenhouse conditions. a-Terpineol was the best monoterpenoid in the greenhouse pot test. 
The acute toxicity of monoterpenoids was low relative to conventional insecticides. Some 
monoterpenoids were phytotoxic to com roots and leaves. /-Carvone was the most 
phytotoxic, whereas pulegone was the safest. The results with thymyl ethyl ether, one of the 
synthetic derivatives of thymol, showed a potential of derivatization to reduce monoterpenoid 
phytotoxicity. 
KEY WORDS Diabrotica virgifera virgifera, Tetrar^chus urticae, Musca domestica, 
monoterpenoids, insecticidal activity 
INTRODUCTION 
Natural products have been used for centuries to protect crops from pest invasions. 
They are well known to have a range of useful biological properties against insect pests, 
fungal, bacterial and viral diseases, and weeds. They may be more rapidly degraded in the 
environment than synthetic compounds and some have increased specificity that favors 
beneficial insects (Plimmer 1993, Pillmoor etal. 1993). Plants can produce a diverse range of 
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secondary metabolites such as terpenoids (mono-, sesqui-, and di-), alkaloids, polyacetylenes, 
flavonoids, and sugars (Benner 1993). As pesticides, terpenoids are some of the most 
successful (Duke 1991). 
Monoterpenoids, ten-carbon compoimds based on two isoprene (CsHg) units, are 
widely distributed in the essential oils (steam volatile and odorous constituents) of plants (Dev 
etal. 1982, Banthorpe 1991), and more than 1,000 naturally occurring monoterpenoids have 
been isolated from higher plants, e.g., mint, pine, cedar, citrus, and eucalyptus (Charlwood 
and Charlwood 1991). They may be safe as they have been used originally as food flavors, 
perfumes, decongestants, external analgesics, and antiseptics (Templeton 1969). Some of 
them have shown promise as natural insect pest control agents because they naturally provide 
plants with chemical defenses against phytophagous insects and plant pathogens. 
Monoterpenoids are typically rather lipophilic compounds, and thus may interfere with basic 
metabolic biochemical, physiological, and behavioral functions of insects (Brattsten 1983). 
Some exhibit acute toxicity, whereas others are repellents (Watanabe et al. 1993), antifeedants 
(Hough-Goldstein 1990), or aflfect on growth and development (Karr and Coats 1992) or 
reproduction (Sharma and Saxena 1974). Earlier evaluations of monoterpenoids on various 
insects in our laboratory have established their activity as ovicides, fumigants, and contact 
toxicants (Karr and Coats 1988, Rice and Coats 1994, Tsao etal. 199S). Mechanisms of 
toxic action have not been elucidated; however, the onset of symptoms is usually rapid, 
manifested as agitation, hyperactivity, and quick knockdown. Karr et al. (1990) and Coats et 
al. (1991) reported neurotoxic effects of monoterpenoids in earthworms as indicated by 
adverse electrophysiological effects. In some insects cytochrome ^450 dependent 
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monoo^genase enzyme systems metabolize many terpenes to polar products that can be 
excreted (Brattsten 1983). 
Interactions between monoterpenoids and pests have been studied for many years, but 
better understanding of these complex relationships could provide a basis for using natural 
products in biorational approaches for better management of pest organisms. The objective of 
this study was to examine the spectrum of insecticidal activities of naturally occurring 
monoterpenoids against some important target pests through systematic bioassays. 
MATERIALS AND METHODS 
Chemical Compounds. The natural monoterpenoids were purchased from Aldrich 
(Milwaukee, WI), Sigma (St. Louis, MO), and Pfaltz and Bauer (Waterbury, CT). Technical 
grade chlorpyrifos (DowElanco, Indianapolis, IN), carbofiiran (U.S. EPA, Washington DC), 
and 20% (AI) pyrethrins (Pet Chemical, Miami Springs, FL) were obtained and served as 
commercial standards for comparisons. The synthesis of thymyl ethyl ether was achieved 
using thymol, a monoterpenoid phenol, and an alkyl halide in the presence of the phase 
transfer catalyst, benzyltributylammonium bromide (BTAB) and NaOH, with a mixture of 
methylene chloride and water (SO : SO by volume). Details on the synthesis and identification 
of thymyl ethyl ether derivative have been reported previously (Rice and Coats 1994, Tsao et 
al 1995). 
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Insccts. All the test insects were supplied from laboratory colonies that were being reared 
and maintained at 25 ± I'^C, 40-60% RH, and a photoperiod of 14:10 (L;D) h in the Pesticide 
Toxicolo^ Laboratory at the Department of Entomology, Iowa State University. The 
nondiq)ausing western com rootworm eggs were obtained from French Agricultural 
Research, Inc. (Lamberton, MN). Because the western com rootworm larvae lives in soil and 
need special rearing techniques (Jackson 1986), a special cheese-cloth wick method was 
designed to prepare healthy com roots (S-cm long) and maintain proper humidity. The two-
spotted spider mites were maintained in laboratory culture on kidney bean (Phaseolus vulgaris 
var. humilis Alefeld) seedlings (3 wk after germination in 250-ml plastic cups under 
greenhouse conditions), in white enamel pans (250 x 350 x 70 mm) with a water barrier (Ahn 
et al. 1993). The house flies (Orlando Regular, a susceptible strain) were reared on fly media 
(Purina Labchow* Ralston Purina, St. Louis, MO) for larvae and a diet of powdered milk and 
sugar for adults by the method of Saito et al. (1992). 
Topical Application Bioassay. For topical application, monoterpenoid solutions were 
prepared with certified acetone. Monoterpenoid solutions were applied with an electric 
microapplicator, which delivered 1-^1 aliquots of certified acetone alone as the control or 
serial dilution of each solution to the thoracic dorsum of adult house flies (5 d after eclosion; 
anesthetized with CO2 and ice) and the abdominal dorsum of 3rd instar western com 
rootworms picked up with insect forceps without anesthesia. These methods were basically 
modified from those described by several researchers (Bull and Pryor 1991, De Souza et al. 
1992, Sidto et al. 1992, Elzen et al. 1994, Rice and Coats 1994). The house flies were 
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transferred to paper cups (100 x 60 nun) and provided with an aqueous S% sugar solution in 
a cotton roll. The western com rootworm larvae were transferred to petri dishes (100 x IS 
mm) and provided with five com seedlings (3-cm long), on wet filter papers, for food under 
standard conditions (25 ± 1°C, 40-60% RH). 20% (AI) pyrethrins were used as a standard 
for comparison. At least 60 insects per dosage (three replications) were used at a minimum 
of five concentrations based on preliminary tests to determine the appropriate range of 
concentrations. Toxicity was assessed 24 h after treatment. Insects were considered dead 
when tactile stimuli elicited no visible normal reaction. 
Acaricidal Bioassay. The leaf-dip method was used to determine acaricidal activity of 
monoterpenoids against the two-spotted spider mite. Monoterpenoids were dissolved in 
certified acetone (a maximum volume of 5% in the solution) on the basis of weight and diluted 
with distilled water containing Triton* X-100 (200 ppm; J. T. Baker Chemical Co., 
Phillipsburg, NJ) as a wetting agent in glass bottles (40 x 80 mm). An aliquot of certified 
acetone in water was prepared as the control. Kidney bean leaves (40 x 40 mm) were cut 
fi'om the plant just before treatment, dipped, and shaken for 30 s with forceps in a wide-mouth 
bottle of solution. The treated leaves were held at 25 ± 1°C until water on the leaf surface 
had dried and then placed into a petri dish (100 x 15 mm) with wet filter papers (Whatman* 
no. 1, Springfield Mill, Kent, UK) to provide water and prevent mites fi'om escaping. Ten 
adult mites per replicate were transferred onto each treated kidney bean leaf with a fine brush 
under the stereo-microscope. Each treatment was replicated two or three times at a minimum 
of five concentrations based on preliminaiy range-finding results. Acaricidal activity was 
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assessed under the stereo-microscope 24, 48, and 72 h after treatment. Two-spotted spider 
mites were considered dead if prodding with a fine pin elicited no visible normal reaction of 
appendages. 
Soil Bioassay. A soil bioassay for the determination of larvicidal activity of monoterpenoids 
against third-instar western com rootworm larvae was performed as described below 
according to the methods of Coats (1986) and Rice and Coats (1994), with only minor 
variations. Appropriate amounts of monoterpenoid stock solutions mixed with certified 
acetone (a maximum of 10% in total water solution) were added to distilled water. The 
different concentrations of monoterpenoid solutions (12 ml) were added to 100 x IS mm petri 
dishes containing SO g of untreated sandy clay loam soil (S2% sand, 26% silt, 22% clay; 2.7% 
organic matter, pH S.7) that had been sieved and autoclaved. The treated soil was tumbled 
and mixed thoroughly, and then kept uncovered for 20 min to allow acetone evaporation at 
room temperature. An aliquot of certified acetone in distilled water (10%, 12 ml) was added 
to the soil in the petri dish as the control, and technical grade chlorpyrifos and carbofuran 
were used as standards. Five germinated com kernels (3-cm long) were added to each petri 
dish, and ten third instars were transferred fi'om rearing boxes to the center of the soil. The 
petri dishes were covered with lids and stacked fi'om lesser to greater concentrations to 
prevent an accumulated effect of greater concentrations in the upper petri dishes due to the 
volatility of the monoterpenoids. In the preliminary test some insects escaped fi'om the petri 
dishes through the gap made by growing com shoots, so the stack of petri dishes was secured 
with tape and kept in an incubator at 25 ± 1°C, 40-60% RH, and a photoperiod of 12:12 
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(L J>) h for 48 h. At least 7 concentrations per compound based on the primary range-finding 
test were replicated. Larvicidal activity was determined as mortality at 48 h. Larvae were 
considered dead if they could not crawl normally when they were stimulated with a pin after 
the soil was dumped into a metal pan. 
Greenhouse Pot Test. The greenhouse pot test, which has the advantage of simulating a field 
exposure, was conducted to determine the corn-root protection effect of monoterpenoids 
against the western com rootworm as a longer-term soil bioassay under greenhouse 
conditions (Coats 1986). Clay pots (5,800 ml) were used with untreated soil for this test. 
When one com plant per pot reached the nine-leaf stage, 500 nondiapausing western com 
rootworm eggs were placed 5 cm deep in the soil around the com root zone in each pot and 
covered with the same soil. Under these conditions, the egg and larval stages lasted 
approximately 2 and 4 wk, respectively. Pots were also set up for monitoring larval growth 
and timing the chemical application. The 1-liter monoterpenoid solutions were prepared with 
certified acetone (1% volume in total solution) in water and applied to the soil surface when 
the majority of com rootworm eggs had hatched. Acetone only in water was added as the 
control. The concentrations (500, 300, and 0 ppm) were calculated considering the 
concentration of the monoterpenoids (|ag) per gram of soil in a pot (2,900 g soil). At 3 wk 
after treatment, roots were harvested fi'om pots and washed with high pressure water. The 
results were evaluated as the protection value using a rating system: 0 was used for no 
damage and 100 was used for total damage (no roots). Root weight was also measured in 
treated and control plants. 
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Fhytotoxicity Test. A styrofoam-cup soil bioassay was used to evaluate phytotoxicity of 
monoterpenoids on com plants and roots. Two plants per cup (8 oz.) were grown to the 
four-leaf stage under greenhouse conditions. Appropriate amounts of monoterpenoid 
solutions mixed with certified acetone (a maximum of 10% in the water solution) were added 
to distilled water and dropped with a pasteur pipette onto the surface of soil around the com 
plants. Acetone alone in water was added as the control. Four concentrations (500, 100, SO, 
and 0 ppm) were replicated six times (replicate - a cup) in two groups for evaluation 3 d and 
10 d after treatment. Phytotoxicity was determined by using a rating system on both leaf and 
root parts: 0 was used for no damage and 100 was used for total damage (no roots and no 
plants). The dry weight of the roots also measured. 
Statistical Analysis. All means of data obtained from the various toxicity bioassays were 
corrected with Abbott's formula (Abbott 1925). Data were subjected to probit analysis in 
order to estimate LD50S and LCsoS (Finney 1971, SAS Institute 1991). Treatment means were 
compared and separated by using the least significant differences (LSD) at P < 0.05 (SAS 
Institute 1991). 
RESULTS AND DISCUSSION 
Topical Application Bioassay. The structural characteristics of monoterpenoids such as 
shape, degree of saturation, and types of functional groups influenced the insecticidal activity 
and species-specific insecticidal susceptibilities (Table 1). Alcohol and phenol forms of 
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monoterpenoids were more toxic than ketones, aldehydes, ether, or hydrocarbons in the com 
rootworm test, whereas the most effective monoterpenoids in the house fly test were spread 
among the alcohol and phenol, ketone, acid and aldehyde groups (Table I). Citronellic acid, 
limonene, perillaldehyde, pulegone, and thymol were most effective against the house fly, 
whereas citronellic acid, citronellol, eugenol, perillyl alcohol, and thujone were most effective 
against the western com rootworm. /-Carvone was more toxic than ^/-carvone to the house 
fly, whereas the reverse was true for the com rootworm. Limonene (S) was more effective 
than limonene (R) against both insects; however, the differences were not so big in the house 
fly tests. 
The acute topical toxicity of monoterpenoids was much less than that of commercial 
insecticides; the most effective monoterpenoid, thymol (LDso= 29 |ig per fly), was at least 3 
times less toxic than natural pyrethrins (LDso = 8 M^g per fly). Other monoterpenoids were 4 
to 30 times less toxic. The toxic trend showed which monoterpenoid groups were active in 
the house fly test was quite different from the trend in the western com rootworm test. 
Similar trends were reported previously with regard to the acute topical activity of the house 
fly (Karr and Coats 1988, Rice and Coats 1994). Compared to Rice and Coats (1994), some 
of the topical LDso values were slightly different, but only two of them exceeded a two-fold 
difference (thujone and perillaldehyde). These variations can be explained by differences in 
rearing procedures and bioassay techniques. 
Insects responded to the topical administration of some monoterpenoids such as 
eugenol, carvacrol, and thymol with hyperactivity, followed by quiescence; surviving insects at 
lower concentrations recovered after a few hours. These effects suggest that immediate 
Table 1. Mortality of adult M. domestica and larval D. virgifera virgifera 24 h after topical application of 
monoterpenoids 
Monoterpcnoid 
M .  d o m e s t i c a  D .  v i r g i f e r a  v i r g i f e r a  
n '  Slope±SE LDso' (95% CL)' x' n  Slope±SE L D s o  ' (95% CL) x' 
Alcohols 
Borncol 240 - >500 -
- - - - - -
Carveol 260 4.76 ± 0.74 157 (118-222) 41 80 3.29 ±0.35 90 (71 - 113) 88 
Carvomentlicnol 235 8.10 ± 1.23 152 (126- 182) 43 - - - - -
Citronellol 240 6.39± 1.11 64 (53 - 80) 33 80 2.55 ± 0.22 15 (12 - 20) 130 
Gcraniol 235 6.08 ±1.13 73 (59 - 93) 29 90 44.5 ± • 112 * 
Isopulegol 240 7.16 ± 1.44 91 (75-117) 25 100 2.72 ± 0.25 47 (36-61) 119 
Linalool 245 5.33 ±0.95 116 (89 - 166) 32 80 42.0 ± • 108 * * 
/-Menthol 261 3.23 ± 0.46 147 (112 - 202) 50 - - -
- -
Perillyl alcohol 261 6.75 ± 1.22 72 (60 - 89) 31 80 29.8 ± • 11 * * 
a-Terpineol 218 4.79 ± 0.89 173 (132 -223) 29 80 44.5 ± • 112 * * 
Tcrpinen-4-ol 240 3.50 ±0.51 79 (61 - 109) 47 90 3,29 ±0.35 90 (71 - 113) 88 
Verbcnol 240 3.78 ± 0.59 202 (147-301) 41 - - - - — 
Table 1. (continued) 
Phenols 
Carvacrol 
Eugenol 
Thymol 
Ketones 
t/-Carvone 
/-Carvone 
/-Fcnchone 
Mcnthonc 
Pulegone 
Thujone 
Veibenone 
Aldehydes 
Citral 
Citronellal 
Perillaldchydc 
224 4.28 ± 0.74 
200 8.02 ±1.53 
225 8.99 ± 1.69 
220 2.30 ± 0.34 
240 7.54 ±1.72 
240 3.31 ±0.55 
205 3.31 ±0.51 
240 6.66 ±1.14 
240 4.95 ± 0.84 
240 3,45 ± 0.54 
260 4.68 ± 0.74 
253 7,84 ±1.41 
217 5,15 ±0.73 
92 (68- 125) 
77 (65 - 93) 
29 (24 - 34) 
143 (102-213) 
102 (85 - 131) 
222 (164-319) 
98 (74 - 140) 
39 (32 - 48) 
62 (50 - 81) 
247 (188-348) 
54 (43 - 69) 
66 (56 - 80) 
43 (36 - 52) 
28 
28 
120 30.5 ± • 12 
46 90 3.28 ±0.35 
19 80 106±* 
36 79 1.36 ±0.13 
42 -
34 90 2.92 ± 0.27 
35 100 1.84 ±0.45 
41 -
90 (71-113) 88 
224 • • 
79 (53- 122) 115 
38 (29-50) 121 
12 (9-17) 151 
40 - - - -
31 - - - -
50 100 74.4 ±* 32 • * 
Table 1. (continued) 
Acid 
Citronellic acid 322 3,85 ± 0.65 32 (24-41) 35 80 30.4 ± • 11 (19-26) • 
Ether 
1, 8-CineoIe 240 3.56 ± 1.59 281 (219-383) 36 85 106±* 224 * * 
Hvdrocarbons 
Limonene (R) 240 2.89 ± 0.45 68 (50 - 95) 42 80 106 ±» 224 * * 
Limonene (S) 223 3.57 ±0.51 50 (46 - 79) 49 81 1.99 ±0.20 88 (68-121) 104 
Myrcene 233 6.29 ± 1.22 167 (125-251) 27 80 - >500 - -
a-Pinene 240 4.03 ± 0.68 112 (85 - 163) 35 90 43.5 ±» 445 * 
a-Terpinenc 238 3.45 ±0.56 117 (85 - 175) 38 100 - >500 -
-
Y-Terpinenc 223 3.85 ± 0.65 214 (154-305) 35 80 - >500 - -
Standards 
Pyrethrins* 355 4.46 ± 0.68 8 (6 - 10) 43 — - — — — 
" Number of insects tested. 
'' LDso data was determined by probit analysis (SAS Institute 1991); dosage in per insect. 
" 93% Confldcncc Limit (CL). Insccticidal activity is considered signiflcantly difTercnt when the 93% CL fail to overlap. 
* Concentration adjusted for 20% (Al). • The numbers are not reliable. 
28 
neurotoxicities are induced, and then monoterpenoids are quickly metabolized or eliminated, 
although the mode of action is not known (Harwood et al. 1990). Harwood et al. also 
suggested that hydrophobicity of compounds influenced the penetration through the cuticle 
and piperonyl butoxide synergized the toxic effects. Gunderson el al. (1985) reported that 
pulegone was an effective defense against Spodoptera etidcatia (Cramer) due to its 
interference with feeding behavior, development, and reproduction, not because of its acute 
toxicity. 
Acaricidal Bioassay. The thirty monoterpenoids tested against the two-spotted spider mite 
showed mild acaricidal activity from the primary screening (Table 2). Toxicity of 
monoterpenoids differed depending on concentrations and exposure times. All the 
monoterpenoids tested except 1,8-cineol, lO-hydroxygeraniol, a-terpineol, verbenol, and 
verbenone caused 100% mortality at the highest concentration (10,000 ppm) 24 h after 
treatment. Carvacrol was most effective at lower concentrations, followed by citroneilol. 
Geraniol produced 100% mortality at 10,000 ppm, whereas 10-hydroxygeraniol, which was 
similar in chemical structure, showed 0% mortality. Longer exposure time (72 h) increased 
acaricidal effects. Some monoterpenoids showed similar acaricidal activity at lower 
concentrations, 1,000 and 100 ppm (data were not shown here on 100 ppm). As Delaplane 
(1992) reported on the efiQcacy of menthol to control infestations of the tracheal mites, 
Acarcpis woodi (Rennie), in honey bees, menthol had some acaricidal activity against the 
spider mite. The nine most effective monoterpenoids (carvacrol, carvomenthenol, carvone, 
chlorothymol, citroneilol, eugenol, geraniol, perillyl alcohol, terpinen-4-ol, and thymol) were 
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Table 2. Acaricidal activity of monoterpenoids from the primary screening against 
r. urticae at 24 and 72 h by leaf-dip application 
Mortality (%)±SEM" 
Monoterpenoid 10,000 ppm ^ 1,000 ppm 
2 4 7 2  h  2 4 h  1 2 h  
Alcohols 
Carveol 100 ±0 
Carvomenthenol 100 ± 0 
Citronellol 100 ± 0 
Geraniol 100 ±0 
10-HydroxygeranioI 0±0 
Isopulegol 100 ±0 
Linalool 100 ± 0 
/-Menthol 100 ± 0 
Perillyl alcohol 100 ± 0 
a-Terpineol 100 ± 0 
Terpinen-4-ol 100 ± 0 
Verbenol 30 ± 6 
0 ± 0  4 0  ± 1 0  
20 ± 6 6 1  ± 9  
70 ±12 100 ±0 
40 ± 0 50 ± 10 
30 ±12 0±0 40 ±10 
0 ± 0  3 0  ± 0  
10 ±10 10 ±0 
0 ± 0  3 0  ± 0  
20 ± 0 40 ± 10 
10 ± 10 35 ±5 
0 ± 0  3 0  ± 0  
60  ±0  10  ±0  10  ±0  
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Table 2. (continued) 
Phenols 
Carvacroi 100 ±0 - 90 ± 6 
Eugenol 100 ±0 - 10 ± 10 
Thymol 100 ±0 — 30 ± 10 
Ketones 
fif-Carvone 100 ±0 - 0±0 
/-Carvone 100 ± 0 - 25 ± 5 
/-Fenchone 100±0 - 10±10 
Menthone 100 ±0 - 10 ±10 
Puiegone 100 ±0 - 0±0 
Thujone 100 ±0 - 0±0 
Verbenone N/A N/A 60 ± 40 
Aldehydes 
Citral 100 ±0 - 0±0 
Citronellal 100 ±0 - 0±0 
100 ±0 
60  ±0  
100 ±0 
30 ±0 
90± 10 
10±0  
40±0 
10±0  
0 ± 0  
80± 10 
50 ±0 
0 ± 0  
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Table 2. (continued) 
Acid 
Citronellic acid 100 ±0 - 10 ±0 10 ±0 
Ether 
1,8-Cineole 90 ±10 90 ±0 10 ± 10 40 ±30 
Hydrocarbons 
Linionene(S) 100 ±0 - 20 ±0 20 ±10 
a-Terpinene 25 ±15 41 ± 19 10 ± 10 30 ± 0 
y-Terpinene 100 ±0 - 0±0 10 ±0 
" All values are the mean ± SEM of three replicates. 
* Concentrations of monoterpenoids in distilled water with 200 ppm Triton X-100. 
Time after exposure in hours unless otherwise stated. 
N/A - Data not available. 
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evaluated in more detaUed acaricidal activity tests (Table 3). Of these, carvomenthenol and 
terpinen-4-ol showed greater acaricidal activity (LC50 = 59 and 96 ppm, respectively) than 
others. Because monoterpenoids have no quick contact activity on the mites, a long exposure 
time is needed for physiological actions such as an antifeedant effect. Most monoterpenoids 
(except for verbenone, carvomenthenol, and 10-hydroxygeraniol) were phytotoxic to kidney 
bean leaves determined by visual inspection at high concentrations during this test (data were 
not shown). 
Soil Bioassay. A wide range of monoterpenoids showed some degree of larvicidal activity 
against the western com rootworm in the laboratory soil bioassay (Table 4). The LC50 values 
differed with respect to monoterpenoid structures. Some of the alcoholic and phenolic 
monoterpenoids such as carveol, citronellol, and thymol were significantly more toxic (LCso = 
10 - 21^g per g in soil) than ketones (LCso = 37 - 312 |ig per g) and others (LC50 = 684 -
>1,000 (ig per g). Perillaldehyde (LC50 = 3 (ig per g in soil) was the most effective of the 34 
monoterpenoids tested. Khoshkhoo et al. (1993) noted that some plant growth bioregulators 
could increase the terpenoid aldehyde associated with defense mechanisms of cotton plants 
against the root-knot nematode, Meloidogyne incognita (Kofoid and White). The standards 
for comparison as soil insecticides, carbofliran (LCjo = 1 Hg per g) and chlorpyrifos (LCso = 1 
|ig per g), were three times more toxic than the most effective monoterpenoid, perillaldehyde. 
Limonene, which is used commercially as an ectoparasite killing agent in flea shampoos, and 
1,8-cineole, which has some herbicidal activity, were much less toxic than others. 
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Table 3. Acaricidal activity of some selected monoterpenoids against T. urticae at 48 
h by leaf-dip application 
Monoterpenoid rf Slope SE LC50^ (95% CL)" 
Alcohols 
Carvacrol 120 4.61 ±0.81 629 (526 - 729) 32 
Carvomenthenol 120 2.35 ± 0.26 59 (42 - 76) 81 
Chlorothymol 120 4.16 ±0.75 584 (470 - 687) 31 
Citronellol 120 5.42 ± 0.99 548 (455 - 625) 30 
Eugenol 120 2.05 ± 0.24 219 (164 - 278) 74 
Geraniol 120 1.47 ±0.20 235 (136-363) 57 
Perillyl alcohol 120 2.79 ± 0.34 614 (504 - 752) 68 
Terpinen-4-ol 120 2.37 ± 0.24 96 (74 - 122) 97 
Thymol 120 3.62 ±0.35 555 (478 - 653) 105 
Ketones 
Carvone 120 1.86 ±0.22 273 (204-350) 75 
" Number of insects tested. 
^ LCjo data was determined by probit analysis (SAS Institute 1991): concentration (ppm) in 
solution. 
95% Confidence Limit (CL). Insecticidal activity is considered significantly different when 
the 95% CL fail to overlap. 
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Table 4. Mortality of 3rd instar D. virgifera virgifera at 48 h by soil application of 
monoterpenoids 
Monoterpenoid n" Slope ± SE LCso^ (95% CL)' 
Alcohols 
Bomeol 180 4.33 ± 1.37 30 
Carveol 180 2.68 ±0.19 10 
Carvomenthenol 180 16.1 ±5.63 259 
Citronellol 200 10.4 ±3.43 21 
Geraniol 200 8.70 ± 1.88 43 
10-Hydroxygeraniol 180 - >1000 
Isopulegol 190 6.53 ±1.31 74 
Linalool 220 3.49 ±0.82 241 
/-Menthol 180 5.37 ±0.45 70 
Perillyl alcohol 180 5.61 ± 1.68 77 
a-Terpineol 140 5.58 ± 1.94 95 
Terpinen-4-ol 180 7.84 ±2.34 66 
Verbenol 180 5.94 ± 1.72 89 
Phenols 
Carvacrol 160 5.51 ± 1.65 42 
Eugenol 180 17.2 ±5.98 87 
Thymol 190 4.71 ± 1.55 20 
(17-48) 
(8 -11)  
(210-317) 
(16 - 27) 
(35-51) 
(61-90) 
(151 -407) 
(64 - 78) 
(47-111) 
(76 - 200) 
(49 - 87) 
(60 - 127) 
(26 - 62) 
(72 - 107) 
(10 - 29) 
10 
193 
8 
9 
21 
25 
18 
141 
11 
8 
1 1  
12 
11 
8 
9 
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Table 4. (continued) 
Ketones 
</-Carvone 
/-Carvone 
/-Fenchone 
Menthone 
Pulegone 
Thujone 
Verbenone 
Aldehydes 
Citral 
Citronellal 
Perillaldehyde 
Acid 
Citronellic acid 
Ether 
1,8-Cineole 
Hydrocarbons 
Limonene (R) 
Limonene (S) 
180 
180 
180 
200 
180 
180 
200 
200 
180 
190 
180 
180 
170 
180 
3.37 ±0.89 
9.33 ± 2.34 
3.68 ±0.97 
5.11 ± 1.35 
5.00 ± 1.52 
2.89 ±0.86 
3.60 ± 1.08 
10.5 ±2.86 
7.23 ±2.15 
2.31 ±0.06 
72 
56 
37 
312 
63 
146 
131 
42 
146 
>1000 
>1000 
>1000 
>1000 
(31-113) 
(45 - 67) 
(19 - 59) 
(207-421) 
(43 - 93) 
(56-238) 
( 7 5 - 2 1 1 )  
(33 - 52) 
(96 - 193) 
( 3 - 4 )  
14 
16 
14 
14 
11 
11 
11 
14 
11 
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Table 4. (continued) 
Myrcene 180 3.99 ±1.04 684 (436- 1282) 15 
a-Pinene 180 - >1000 -
a-Terpinene 190 - >1000 -
y-Terpinene 170 — >1000 -
Standards 
Carbofliran 260 5.23 ± 1.34 1 (0.8- 1.8) 15 
Chlorpyrifos 240 4.66 ± 0.90 1 (0.7- 1.4) 27 
" Number of insects tested. 
'' LCjo data was determined by probit analysis (SAS Institute 1991); dosage in jig per gram in 
soil. 
95% Confidence Limit (CL). Insecticidal activity is considered significantly different when 
the 95% CL fail to overlap. 
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Karr and Coats (1988) reported that tf-Iimonene exhibited slight toxicity, and the 
appearance of dead western com rootworm larvae was quite unusual; the cuticle of the larva 
was very soft and darkened and the body seemed to be partly liquefied. Nonspecific 
nematicidal activity was exhibited by several monoterpenoid constituents of some essential 
plant oils against several nematode species having a similar living habitat with the western 
com rootworm (Sangwan et al. 1990). Several monoterpenoids are being evaluated in field 
plots and could be considered as potential alternatives for natural control of com rootworms, 
a key pest in the com belt. 
Greenhouse Pot Test Some representative monoterpenoids such as carveol, citronellol, 
perillaldehyde, and a-terpineol, which showed good larvicidal activity, were selected for 
evaluation under greenhouse conditions. Table S shows the com root protection effect of 
selected monoterpenoids against the westem com rootworm with our 0 to 100 rating system 
when 500 eggs were applied per pot. The monoterpenoids tested protected com roots fi-om 
attack by com rootworm larvae. With no monoterpenoid, com roots were damaged to a 
rating of 50, and the mean dry weight of com roots was 3.09 g (Table 5). a-Terpineol, the 
most effective monoterpenoid, prevented any damage to the com roots, and resulted in a 
weight of 8.37 g with the 50-ppm treatment. Carveol was the weakest rootworm insecticide 
among the four monoterpenoids tested. 
Phytotoxicity Test Some monoterpenoids were phytotoxic to both com roots and com 
leaves 3 d and 10 d after treatment, as indicated by changes in com root weight (Table 6) and 
Table 5. Corn root protection efTect of selected monoterpenoids against D. virgifera virgifera in greenhouse tests when 
500 eggs were added per pot 
Root damage" Root dry weight (g)' 
Monoterpenoid 300 ppm 50 ppm 0 ppm no larvae 300 ppm 50 ppm 0 ppm no larvae 
Alcohols 
Carveol 
Citronellol 
a-Terpineol 
Aldehyde 
Perillaldehyde 
3.3±3.3 b 56.7±3.3 a 50±0a 0±0b 5.53±0.85b 4.39±0.46be 3.09±0.52 c 8.75±0.39 a 
3.3 ± 3.3 b 6.7± 3.3 b 50±0a 0±0b 6.79±1,50 a 6.41 ±0.69 a 3.09±0.52 b 8.75 ±0.39 a 
0 ± 0 b  0 ± 0 b  5 0 ± 0 a  0 ± 0 b  6 . 4 2 ± 0 . 1 4 b  8 . 3 7 ± 1 . 1 9 a b  3 . 0 9 ± 0 . 5 2 c  8 . 7 5 ± 0 . 3 9 a  
0 ± 0 b  3 . 3 ± 3 . 3 b  5 0 ± 0 a  0 ± 0 b  6 . 5 9 ± 0 . 6 3 b  5 . 6 6 ± 0 . 8 6 b  3 . 0 9 ± 0 . 5 2 c  8 . 7 5 ± 0 . 3 9 a  
Ui 
00 
Mean ± SEM of three replicates. Means within a row followed by the same letter are not significantly different (least significant 
difference, P=0.05 [SAS Institute 1991]). 
" Rating; 0 means no damage to roots and 100 means roots totally destroyed (by visual inspection). 
* Biomass of com root 
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by visual inspection (Table 7). /-Carvone was the most phytotoxic (0.10 g and 0.11 g in the 
500 ppm treatment at 3 d and 10 d after treatment, respectively) in comparison with controls 
(0.14 g and 0.25 g, respectively) (Table 6). Pulegone was a safer monoterpenoid in this 
experiment. Thymyl ethjd ether, a synthetic derivative of thymol, also was safer (root weight 
0.26 g) than the parent compound, thymol (0.06 g), at 500 ppm 10 d after treatment. Longer 
exposure increased phytotoxic efiects. /-Carvone, eugenol, and thymol were the most 
phytotoxic to both parts of the plant on the basis of visual inspection (Table 7). Eugenol, for 
instance, destroyed 100% of the com leaves at 500 ppm and 80% of the com roots. a-Pinene 
and pulegone did not show phytotoxicity. Derivatization of monoterpenoid parent 
compounds might reduce monoterpenoid phytotoxicity on the basis of our results with thymyl 
ethyl ether, one of the thymol derivatives, which showed 0% plant damage at 500 ppm, 
whereas thymol showed 100% phytotoxicity. 
Duke (1991) noted that all plants produce secondary compounds that are phytotoxic 
to some degree, and camphor, 1,8-cineole, and pulegone are among the more phytotoxic 
compounds of the hundreds of known plant-derived monoterpenes. Terpenoids are more 
potent as growth inhibitors than as germination inhibitors. Cinmethylin, a synthetic herbicide 
for grassy weeds, is stmcturally related to 1,8-cineole (Grayson et al. 1987). It has low 
nuunmalian toxicity and shows no tendency to accumulate in the environment. Some 
monoterpenoids can be used as allelochemicals and as herbicide lead compounds; however, 
monoterpenoids can also damage crop plants, an important consideration if they were to be 
used in the field. Other biological activities with insects, mites, nematodes, and 
phytopathogenic bacteria and fungi as well as allelopathic interactions in higher plants are well 
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Table 6. Phytotoxicity of monoterpenoids to com roots (expressed as dry weight) 
Root biomass (g) 
Monoterpenoid DAT* 0 ppm 50 ppm 100 ppm 500 ppm 
Alcohols 
Citronellol 
Geraniol 
Menthol 
Phenols 
Eugenol 
Thymol 
Ketones 
/-Carvone 
Pulegone 
Aldehyde 
Citral 
3 0.14±0.01ab 
10 0.25 ±0.01 a 
3 0.14 ±0.01 a 
10 0.25 ±0.01 a 
3 0.14±0.01ab 
10 0.25 ±0.01 a 
3 0.14±0.01ab 
10 0.25 ±0.01 a 
3 0.14 ±0.01 a 
10 0.25±0.01ab 
3 0.14 ±0.01 a 
10 0.25 ±0.01 a 
3 0.14±0.01ab 
10 0.25 ±0.01 a 
3 0.14±0.01ab 
10 0.25 ±0.01 a 
0.13 ±0.00 a 
0.17 ± 0.00 b 
0.15 ±0.01 a 
0.22 ± 0.00 b 
0.15 ±0.01 a 
0.19 ±0.03 b 
0.13±0.00ab 
0.24 ± 0.02 a 
0.13 ±0.01 a 
0.22 ± 0.02 b 
0.14 ±0.01 a 
0.25 ± 0.02 a 
0.16 ±0.00 a 
0.19 ±0.01 a 
0.13±0.00ab 
0.23 ± O.OOab 
0.15 ±0.01 a 
0.24 ±0.01 a 
0.11 ±0.01 b 
0.23 ±0.0lab 
0.09 ±0.01 c 
0.21±0.01ab 
0.14 ±0.00 a 
0.22 ±0.01 a 
0.14 ±0.01 a 
0.26 ± 0.02 a 
0.14 ±0.00 a 
0.20 ±0.01 b 
0.14 ±0.01 b 
0.22 ± 0.00 a 
0.13 ±0.01 a 
0.21 ±0.01 b 
0.15 ±0.01 a 
0.19 ±0.01 b 
0.14 ±0.01 b 
0.12 ±0.01 c 
0.12 ± 0.00 b 
0.13 ±0.01 c 
0.12 ±0.00 b 
0.11 ±0.00 b 
0.13 ±0.01 a 
0.06 ±0.01 c 
0.10±0.01 b 
0.11 ±0.01 c 
0.14 ±0.01 b 
0.25 ±0.01 a 
0.12 ±0.01 b 
0.10 ±0.01 c 
41 
Table 6. (continued) 
Hxdrocarbon 
a-Pinene 3 0.14±0.01a 0.14±0.00a 0.15±0.01a 0.13±0.01a 
10 0.25 ±0.01 a 0.24 ±0.02 a 0.22 ±0.01 a 0.22 ±0.01 a 
Synthetic ether 
Thymyl ethyl ether^ 3 0.14 ±0.01 a 0.11 ±0.01 a 0.14 ±0.01 a 0.13 ±0.02 a 
10 0.25±0.01ab 0.22 ± 0.01c 0.21 ± 0.02 b 0.26 ±0.01 a 
All values are the mean ± SEM of six replicates. Means within a row and treatment time 
followed by the same letter are not significantly different (least significant difference, P=0.05 
[SAS Institute 1991]). 
* DAT: days after treatment. 
" Thymyl ethyl ether is a thymol derivative synthesized in our laboratory. 
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Table 7. Fhytotoxicity of selected monoterpenoids to com leaves and roots by visual 
inspection 10 d after treatment 
Damage rating'' 
Monoterpenoid Site 0 ppm^ 50 ppm 100 ppm SOO ppm 
Alcohols 
Citronellol 0 ± 0 b  
0 ± 0 d  
0 ± 0 b  
2 0 ± 0 b  
0 ± 0 b  
10±0c  
3 0  ± 0  a  
3 0 ± 0 a  
Geraniol 
/-Menthol 
Phenols 
Eugenol 
Thymol 
Ketones 
/-Carvone 
Pulegone 
Aldehyde 
Citral 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
L 
R 
0 ± 0  c  
0 ± 0 d  
0 ± 0 b  
0 ± 0  d  
0 ± 0 d  
0 ± 0 c 
O d b O b  
O d b O d  
0 ± 0 b  
0 ± 0  c  
0 ± 0 a 
0 ± 0 a  
0 ± 0  c  
0 ± 0  c  
0 ± 0 c 
1 0 ± 0 c  
10± 10b 
10±0 c  
2 0 ± 0 c  
0 ± 0 c 
0 ± 0 b 
40± lOb 
0 ± 0 b  
3 0 ± 0 b  
0 ± 0 a 
0 ± 0 a 
0 ± 0  c  
0 ± 0 c  
20db0b 
30 ± 10 b 
20± 10  b  
60 ± 20 b 
40 ± 10 b 
30 ± 10 b 
0 ± 0 b  
3 0 ± 0 c  
0 ± 0 b  
70 ± 10 a 
0 ± 0  a  
0 ± 0  a  
30 ab 0 b 
1 0 ± 0 b  
40  ±0  a  
60 ± 20 a 
60 ± 20 a 
80 ± 20 a 
100 ± 0 a 
80 ± 10 a 
lOOiOa 
90 ± 20 a 
90 ± 10 a 
70 ± 20 a 
0 ± 0  a  
0 ± 0  a  
50 ± 10 a 
90 ± 10 a 
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Table?, (continued) 
Hydrocarbon 
a-Pinene L 0 ± 0 a 
R  0 ± 0 b  
0 ± 0 a  
0 ± 0 b  
0 ± 0 a  
10±0 a  
0 ± 0  a  
1 0 ± 0 a  
Synthetic ether 
Thymyl ethyl ether^ L 0 ± 0 b 
R  0 ± 0 c  
0 ± 0 b  
70±0a  
2 0 ± 0 a  
70 ± 10 a 
0 ± 0 b  
30 ± 10 b 
All values are the mean ± SEM of six replicates. Means within a row and treatment time 
followed by the same letter are not significantly different (least significant difference, P=0.05 
[SAS Institute 1991]). 
" Rating: 0 means no damage to roots (or leaves) and 100 means roots (or leaves) totally 
destroyed (by visual inspection). 
^ Concentration (ppm) in soil. 
L; leaves. 
^ R: Roots. 
' Thymyl ethyl ether is a thymol derivative synthesized in our laboratory. 
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reviewed in recent literature in chemical ecology (Salama and Saleh 1984, Sheppard 1984, 
Moleyar and Narasimham 1987, Sangwan et al. 1990, Watanabe et al. 1990, Charlwood and 
Charlwood 1991, Duke 1991, Delaplane 1992). Consequently, several monoterpenoids have 
been considered as alternatives to conventional pesticides for a more natural means of control. 
^-Limonene is an active ingredient of some commercially available flea shampoos (Karr and 
Coats 1988), certain monoterpenoids such as pulegone and citronellal are used as mosquito 
repellents, and 1,8-cineole is the structural base of cinmethylin, a herbicide (Duke 1987). 
Characteristics of these simple compounds that make them favorable for development as 
environmentally safe insect control agents include their insect toxicity and repellency, low 
mammalian toxicity, and biodegradability. 
In summary, the toxicity of the tested monoterpenoids to the western com rootworm, 
the two-spotted spider mite, and the house fly reflects their wide spectrum of insecticidal 
properties. Monoterpenoid potency varied considerably, and chemical properties and 
structural diversities can elicit different toxic efifects. Some monoterpenoids were phytotoxic 
to com and kidn^ bean. Our data showed that bioactivity of monoterpenoids was 
significantly less than that of conventional organic insecticides; however, they can be effective 
under conditions that allow high-concentration uses of these generally safe chemicals, because 
monoterpenoids are considered to be safe to mammals and biodegradable in the environment. 
More specific studies on stmcture-activity relationships and their mode of action should 
provide a better understanding of the bioactivity of monoterpenoids. 
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CHAPTER 3. INSECnCIDAL ACnvmES OF MONOTERPENOID 
DERIVATIVES AGAINST SEVERAL INSECT PESTS 
A paper submitted to Pesticide Science 
Sangkyun Lee''^ Rong Tsao^ and Joel R Coats^ 
ABSTRACT New monoterpenoid analogs have been synthesized by the modification or 
derivatization of some parent monoterpenoids. The series of compounds included acyl and 
ether derivatives of monoterpenoid alcohols or phenols. In this experiment, insecticidal 
activities of monoterpenoid derivatives were evaluated against several important arthropod 
pest species: the larva of the western com rootworm, Diabrotica virgifera virgifera 
(LeConte); the adult house fly, Musca domestica (L.); the male German cockroach, Blattella 
germanica (L.); the red flour beetle, Tribolium castcmeum (Herbst); the rice weevil, 
Sitophilus oryzae (L.); and the sawtoothed grain beetle, Oryzeaphilus surinamensis (L.). 
Bioassays performed to determine potential acute contact and larvicidal and flimigation 
toxicity of each derivative were topical application, soil bioassay, and fumigation bioassay. 
Some monoterpenoid derivatives showed significantly enhanced insecticidal activity against 
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insects tested in comparison with their parent monoterpenoids when acyi moieties were 
introduced; however, the insecticidal toxicity was still relatively lower than conventional 
synthetic insecticides. Insecticidal toxicities of monoterpenoid derivatives vary depending on 
the functional groups added. Generally, the acetate derivatives were more active than others. 
Bomyl heptafluorobutyrate, carvaciyl trifluoroacetate, carvaciyl allyl ether, and carvacryl 2-
fluoroethyl ether were more active topically than their parent compounds against M. 
domestica. In a larvicidal activity test, carvaciyl trifluoroacetate was four times more 
e£fective to D. virgifera virgifera than its parent compound, carvacrol. Several 
monoterpenoid derivatives also had some degree of enhanced fumigation toxicity. The 
carvacryl 2-propyl ether derivative was more effective than carvacrol in fumigation tests. 
KEY WORDS natural product, monoterpenoid, derivative, insecticide 
1. INTRODUCTTON 
Plants can produce very diverse secondary metabolites, including terpenoids, 
flavonoids, and alkaloids. Some have been extracted and used as pesticides to protect crops 
for many years. ^  Some successfiil examples include the terpenoids (mono-, sesqui-, and di-),^ 
which are steam volatile and odorous constituents of essential oils from higher plants. 
Monoterpenoids, the simplest group in terpenoids with a Cio structure, are widely distributed 
in the essential oils and produced by condensation of two five-carbon isoprene units (CsHg).^' 
^ They are typically rather lipophilic compounds and can be concentrated in epidermal 
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glands and nonliving resin canals of higher plants. ThtL, these localized reservoirs provide 
protection from pathogens and hervivorous insects,^ and may interfere with basic metabolic 
biochemical, physiological, and behavioral functions of insects.^ Numerous examples are well 
reviewed in recent literature of natural monoterpenoid uses on the basis of chemical ecology.^ 
7,8.9.10.11,12 monoterpenoids exhibit acute toxic, repellent" and antifeedant effects,'^ or 
effects on growth and development^^ or reproduction'^ against several target insect species. 
Previous evaluations in our laboratory have established their activities as ovicidal, fumigant, 
and  contac t  t ox ican ts . " ' ^  
Monoterpenoids may be more rapidly degraded in the environment and some have 
increased specificity that favors beneficial insects.^'* ^ The characteristics of these simple 
compounds that make them favorable for development as environmentally safe insect control 
agents include their insecticidal toxicity and repellency, low mammalian toxicity, and 
biodegradability. Nevertheless, few natural monoterpenoids can compete with the synthetic 
organic pesticides commercially because of their low biological toxicities and short persistence 
in the environment. A natural product may be used as a lead for synthesis rather than as a 
product per se} Fahmy noted that pesticide derivatization was one significant approach to the 
chemical optimization of a given class of chemicals relating to quantatitive structure-activity 
relationships (QSAR).^ Derivatization can change the effects of physicochemical properties 
in the categories of selective toxicity, residual effectiveness in the environment, and 
mammalian safety. The changed lipophilic property is also important for selective toxicity to 
be allowed to penetrate into organisms.^ Several monoterpenoid derivatives have shown 
enhanced activity relative to the parent monoterpenoid alcohols or phenols against the house 
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fly and the red flour beetle." Rice and Coats also concluded in another publication that minor 
structural variations can elicit major differences in the monoterpenoid toxicity/^ Some 
monoterpenoid derivatives, which were para-substituted phenethyl alcohols and new six-
membered cyclic phosphates, have shown increasing ovipositional deterrence in the onion fly 
test, and enhanced fungicidal activity, respectively.^'^ 
Although the interactions between monoterpenoids and pests have been studied for 
many years, better understanding of these comply relationships could provide a basis for 
using natural products in biorational approaches for improved management of pest organisms. 
The objectives of this current study were to (a) examine the insecticidal properties of naturally 
occurring monoterpenoids and their derivatives against the western com rootworm, 
Diabrotica virgifera virgifera, for larvicidal activity in soil; the house fly, Musca domestica, 
for acute contact and fumigation toxicities; the German cockroach, Blattella germanica, the 
red flour beetle, Tribolium castaneum, the rice weevil, Sitophilus oryzae, and the sawtoothed 
grain beetle, Oryzecphilus surinamensis, for fumigation activity, (b) synthesize more effective 
monoterpenoid derivatives having enhanced activity and selectivity in controlling the target 
insects in comparison with parent monoterpenoids, and (c) explore structure-activity 
relationships among different derivatives to provide information for the future mode of action 
tests, and target several most promising derivatives for field testing. 
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2. MATERIALS AND METHODS 
2.1 Chemical compounds 
Most of the natural monoterpenoids tested were purchased from Aldrich Chemical Co. 
(Milwaukee, WI). They were used for bioassays to compare with their derivatives' 
insecticidal activity and served as starting materials for the preparation of monoterpenoid 
derivatives in this laboratory (see Fig. 1). The alcoholic or phenolic monoterpenoids (R=H) 
were subjected to the a^l esters and allQ^l ether derivative syntheses. All solvents and 
chemicals were of certified grade or over 95% purity. The organically synthesized derivatives 
were purified by using thin layer chromatography (TLC) plates (Whatman, 1 mm layer, 
fluorescent at 254 nm) and silica gel column chromatography. TLC plates were visualized 
under ultraviolet light (254 nm) or by 0. Im KMn04 solution spray. The structures of newly 
synthesized compounds were confirmed by nuclear magnetic resonance (NMR) spectra. 
2.2 Organic synthesis of monotenienoid derivatives 
2.2.1 Synthesis of the acyl derivatives 
Acyl derivatives of the monoterpenoid alcohols and phenols were synthesized by using acid 
anhydrides or acid halides in the presence of a catalytic quantity of pyridine in dry methylene 
chloride at 0-25 °C. The reaction time ranged from minutes to hours depending on the 
individual starting material and the reagents used. The completion of the reaction was 
monitored with TLC by comparing the Rf values with the starting materials. The yield was 
75-100% depending on the individual chemical used. 
OR 7 OR 
Thymyl Verbenyl Bomyl 
,0R ,0R 
Geranyl Carvyl Carvacryl 
Fig. 1. Ten parent monoterpenoid structures. 
OR 
OR OR 
Menthyl Citronellyl 
OR 
OR 
'CH2OR 
10-Hydroxygeranyl Eugenyl 
M OH + X R 
BTAB, NaOH 
HjO/CHjCis, r. t. 
R O M 
M OH + 
O 
R OH 
DCC, DMAP 
CH2CI2, r. t. R O 
M 
M OH + 
Pyridine, CH2Ci2 
0°C A M 
Fig. 2. The synthesis of monoterpenoid ester and ether derivative compounds. X = CI, Br, or I; R, see Fig. 3; 
M = monoterpenoid parent compounds; DCC, dicyclohexylcarbodiimide; DMAP, 4-(dimethylaniino)pyTidine; 
BTAB, benzyltributylammonium bromide. 
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Esters of monoterpenoid acids were achieved from the acids and monoterpenoid alcohols 
or phenols or from other smaller alcohols by using dicyclohexylcarbodiimide (DCC) and 4-
(dimethylamino)pyridine (DMAP) as a condensing agent and catalyst (see Fig. 2). The 
reaction period also ranged from a few hours to several days depending on the acids and 
alcohols used. This method also gave relatively high yield (75-100%). 
2,2.2 Synthesis of ether derivatives 
The synthesis of ether derivatives of the phenolic monoterpenoids was achieved by using 
monoterpenoid phenols and an all^l halide in the presence of the phase transfer catalyst, 
benzyltributylanmionium bromide (BTAB) and NaOH, in a system of 50% methylene chloride 
and 50% water (see Fig. 2). The two layers were mixed vigorously until the reaction was 
completed. This reaction was only accomplished when a phenol and an all^l halide were 
used. The reactions were carried out at room temperature, but some needed a longer period of 
time, up to two weeks, to reach completion. The completion of the reaction was monitored 
with TLC by comparing the Rf values with the starting materials. The yield of the reactions 
ranged from 30-80%. Details on the synthesis and identification of most of the derivatives 
have been reported previously.^''™ The synthesized monoterpenoid derivatives are listed in 
Fig. 3. 
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DERIVATIVES 
Parent monoterpenoid (alcohol or phenol) 
Trifluoroacetate 
Pentafluoropropionate 
Heptafluorobutyrate 
Cinnamate 
3 -Bromocinnamate 
2,4-Difluorocinnaniate 
2-Chloro-5-nitrocinnainate 
4-Chloro-3 -nitrocinnamate 
Citronellate 
Chlorodifluoroacetate 
Citronellyl ether 
Allyl ether 
Ethyl ether 
2-Fluoroethyl ether 
2,2-Difluoroethyl ether 
Neopentyl ether 
Perfluoro-2-propyI ether 
Propargyl ether 
2-Propyl ether 
2,2,2-TrifluoroethyI ether 
R" 
-H 
-COCF3 
-COCF2CF3 
- COCF2CF2CF3 
- C0CH=CH-C6H5 
- COCH=CH-C6H4Br 
- COCHCH-C6H3F2 
- C0CH=CH-C6H3C1(N02) 
- C0CH=CH-C6H3C1(N02) 
- C0CH2CH(CH3)-C2H4-CH=C(CH3)2 
- COCC1F2 
- CH2CH2CH(CH3)-C2H4-CH=C(CH3)2 
- CH2CH=CH2 
- CH2CH3 
- CH2CH2F 
- CH2CHF2 
- CH2-C(CH3)3 
-CF(CF3)2 
- CH2-CCH 
-CH(CH3)2 
- CH2CF3 
Fig. 3. Monoterpenoid derivative types. ' Refers to R in Fig. 1. 
60 
2.3 Biological assays 
2.3.1 Insect 
All the test insects were supplied from laboratory colonies reared in this laboratory and 
maintained under conditions of 25 i: 1 °C, 40-60% RH and a photoperiod of 14; 10 (L:D) h. 
The nondiapausing D. virpfera virgifera eggs were obtained from French Agricultural 
Research, Inc. (Lamberton, MN). A cheesecloth wick method was developed for preparing 
healthy com roots (S-cm long) and maintaining healthy larvae. M domestica (Orlando 
Regular, a susceptible strain) were reared on fly medium (EHirina Labchow", Ralston Purina, 
St. Louis, MO) for larvae, and a diet of powdered milk and sugar for adults, slightly modified 
from the method described previously,^ and B. germanica were maintained in a 38-liter glass 
aquarium on commercial cat chow. T. castaneum were reared in 3-liter glass jars on whole 
wheat flour and fly medium, 0. surinamensis in 1-liter glass jars on a whole wheat: oatmeal 
diet (1:1, v/v), and S. oryzae on untreated whole com kernels. 
2.3.2 Topical acute toxicity 
For this bioassay, M domestica was selected because of its availability and susceptibility, and 
solutions of monoterpenoids and their derivatives were prepared with certified acetone. We 
delivered 1-^1 aliquots of certified acetone, as the control, or serial dilutions of each solution 
with an electric microapplicator to the thoracic dorsum of adult M domestica (5 d after 
eclosion; anesthetized with CO2 and ice). This topical method was modified from several 
researchers' methods. ^ The treated M. domestica were transferred to paper cups 
(100 X 60 mm) and provided with an aqueous 5% sugar solution in a cotton roll. At least 60 
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insects per dosage (in three replications) were used, at a minimum of four concentrations as a 
range-finding test to determine the appropriate range of activity. Toxicity was assessed at 24 
h after treatment. Insects were considered dead when no visible normal reaction (e.g., flying 
and walking) could be elicited in response to tactile stimuli. All means of data obtained were 
corrected with Abbott's formula,^** and the data were reported as the mean of the three 
replications ± SEM (a = O.OS). Treatment means were compared fi'om the mortality data. 
2.3.3 Larviddal activity by soil bioasscty 
A soil bioassay for the determination of larviddal activity of monoterpenoid derivatives 
against third-instar D. virgifera virgifera was performed as described, based on the methods 
of previous researchers,^^' with only minor variations. Appropriate amounts of stock 
solutions prepared with certified acetone were added to distilled water (up to a maximum of 
10% acetone in total water solution). Twelve ml of monoterpenoid derivative solutions with 
different concentrations were dripped with a Pasteur pipette onto petri dishes (100 x IS mm) 
containing SO g of untreated, sieved, and autoclaved sandy clay loam soil (52% sand, 26% silt, 
22% clay; 2.7% organic matter, pH 5.7). An aliquot of certified acetone in distilled water was 
dripped to the petri dish with the same soil for the control treatment. The treated soil was 
mixed thoroughly, and then the petri dishes were left uncovered for 20 min to allow 
evaporation of the acetone solvent at ambient laboratory conditions. Five germinated com 
kernels (3-cm long root) were supplied to each petri dish as food, and 10 third-instar D. 
virgifera virgifera were transferred fi'om rearing boxes onto the top center of the soil. The 
petri dishes were covered with lids and stacked fi'om lesser to greater concentrations, and the 
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Stack of petri dishes was taped with a paper tape to prevent escape through gaps made by 
growing com shoots. The petri dishes were kept in an incubator set at 2S :k 1 40-60% 
RH with a photoperiod of 12:12 (LJ>) h for 48 h. At least seven concentrations per 
compound were replicated, based on the primary range-finding test. Larvicidal activity as 
mortality was determined at 48 h, and larvae were considered dead if they could not crawl 
properiy when were stimulated with a pin after the soil was dumped into a metal pan. All 
means of data obtained were corrected with Abbott's formula.^** Data resulting from various 
measurements were subjected to probit analysis to calculate LCsoS.^^ LC50 values were 
expressed as ppm (^g of compound per gram of soil in the petri dish). 
2.3.4. Fumigation toxicity 
The preliminary fumigation toxicity of monoterpenoid derivatives of alcohols or phenols was 
evaluated by using A/, domestica, B. germanica, T. castaneum, S. oryzae, and O. 
surinamensis in comparison with parent monoterpenoids. This test was slightly modified fi'om 
the method described previously.'® Ten adultM domestica, 5 male adult j?. germanica, 20 T. 
castaneum, 20 S. oryzae, and 20 O. surinamensis were each placed, respectively, in small 
glass cylinders (6x2 cm) that were closed on both ends with a fine stainless-steel screen and 
parafilm. The cylinders were then suspended in the center of a brown glass jar (2.78-liter 
volume). The appropriate amounts of each monoterpenoid derivative were administered to 
the inside walls of the jars with an Eppendorf pipet tip. The final concentration was fixed as 
SO ^g of compound per ml air in the fumigation jar. Com oil was used as a diluant to increase 
the application volume of the compounds for homogeneous distribution in the jars. The jars 
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were equipped with a magnetic stir bar and then sealed tightly with lids. Magnetic stirring 
was continuous to ensure homogeneous distribution of the volatilized compounds. Each test 
was replicated three times, and mortality observations were made at 14 hours after initial 
exposure of the insects. The data are reported as the mean of the three replications ± SEM (a 
= 0.05). 
3. RESULTS AND DISCUSSION 
Some monoterpenoid derivatives were synthesized from their parent compounds, 
alcohols or phenols, because monoterpenoid alcohols and phenols were known to have 
various insecticidal activities from our previous studies.^^ Their insecticidal activities were 
examined by using the topical application, soil bioassay, and fiimigation tests. 
3.1 Topical acute toxicity 
The acute topical toxicities of monoterpenoid derivatives against M domestica adults are 
given in Table 1 by alphabetical order of the parent monoterpenoids. The acute toxicity of 
several monoterpenoids and their derivatives was reported by previous research in our 
laboratory;"'^ however, their activity was low compared with many other natural or synthetic 
insecticides. Bomeol, carvacrol, carveol, citronellol, eugenol, geraniol, 10-hydroxygeraniol, 
menthol, thymol, and verbenol were the representative parent monoterpenoid alcohols or 
phenols in this experiment. They showed low to modest topical acute toxicity against M. 
domestica, whereas the topical toxicities of the monoterpenoid carboxyl ester derivatives 
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Table 1. Insecticidal activity of monoterpenoids and their derivatives against 
M domestica by topical application 
^Mortality ± SEM° 
Monoterpenoids & derivatives 100 ^g/insect 10 
Bomeol 3.8 ±2.1 6.5 ± 3.7 0 ± 0  
Bomyl trifluoroacetate 21.0 ±2.4 4.9 ±2.5 5.1 ±5.1 
pentafluoropropionate 33.4 ±6.8 0 ± 0  0 ± 0  
heptafluorobutyrate 84.5 ± 5.4 10.1 ±0.6 4.4 ± 4.4 
cinnamate 18.3 ± 1.0 8.8 ±0.8 9.0 ± 1.0 
citronellate 36.4 ±5.3 8.1 ±4.8 5.3 ± 2.7 
citronellyl ether 22.8 ±5.9 13.7 ±3.2 11.6 ±5.8 
Carvacrol 28.6 ±6.3 0 ± 0  0 ± 0  
Camcryl trifluoroacetate 100±0 12.1 ±3.0 b 
pentafluoropropionate 46.0 ±0.2 9.6 ± 1.9 
-
heptafluorobutyrate 30.3 ± 3.0 9.0 ± 1.0 
-
cinnamate 6.7 ±6.7 11.6 ±5.8 6.1 ±6.1 
citronellate 14.5 ± 1.2 11.4 ±2.7 7.0 ± 1.1 
ailyl ether 82.3 ±4.3 12.6 ±0.9 22.1 ± 7.7 
2,2-difluoroethyl ether 23.6 ±3.4 2.2 ± 2.2 -
ethyl ether 71.5 ±2.5 64.8 ± 7.8 -
2-fluoroethyl ether 97.2 ± 2.8 59.5 ± 9.8 -
propargyl ether 100 ±0 18.8 ±0.6 22.5 ±7.1 
2-propyl ether 14.0 ±1.6 2.6 ± 2.6 -
2,2,2-trifluoroethyl ether 12.5 ± 2.4 20.5 ± 6.8 
-
Carveoi 7.4 ± 2.3 3.4 ±1.1 0 ± 0  
Carvyl pentafluoropropionate 31.2 ±2.7 12.7 ± 2.7 -
heptafluorobutyrate 43.5 ± 3.6 14.5 ± 1.2 -
ciiuiamate 3.0 ±3.0 0 ± 0  0 ± 0  
citronellate 7.5 ± 3.8 0 ± 0  0 ± 0  
citronellyl ether 31.1±5.9 20.2 ±7.1 11.4 ±2.7 
Chiysanthemyl cinnamate 9.1 ±5.3 19.3 ± 1.4 11.6 ±5.8 
m -phenoxybenzyl ether 11.7 ±2.6 12.7 ± 2.2 _ 
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Table 1. (continued) 
CitroneUoi 71.0 ±2.5 0 ± 0  0 ± 0  
Citronellyl cinnamate 0 ± 0  0 ± 0  0 ± 0  
a-nitiomethyicitronellyl trifluoroacetate 97.0 ±3.0 10.5 ± 2.5 0 ± 0  
a-(2-nitn>propyl)dtioneUyl trifluoroacetate 16.9 ±4.7 12.7 ± 2.2 2.6 ± 2.6 
beptafluorobutyrate 7.7 ± 4.5 17.4 ± 1.4 15.1 ±8.7 
chlorodifluoroacetat 16.0 ±9.0 9.4 ±0.3 16.2 ± 2.0 
cinnamate 2.8 ± 2.8 10.0 ± 1.8 8.6 ± 4.3 
a-Nitromethylcuminyl trifluoroacetate 100±0 7.7 ±4.5 5.8 ± 2.9 
pentafluoropropionate 97.4 ±2.6 10.2 ± 3.3 6.1±6.1 
beptafluorobutyrate 5.3 ± 2.7 20.1 ± 1.2 0 ± 0  
cblorodifluoroacetate 97.0 ± 3.0 6.1 ±3.0 12.2 ± 6.2 
Eugenol 78.1 ±2.9 3.3 ± 1.7 0 ± 0  
Eugenyl pivalate 37.0 ± 3.2 3.7 ±3.7 4.2 ± 4.2 
ciruiamate 0 ± 0  0 ± 0  0 ± 0  
citronellate 0 ± 0  0 ± 0  0 ± 0  
Geraniol 75.0 ± 5.7 4.0 ± 1.2 0 ± 0  
Geranyl cinnamate 20.7 ± 3.3 19.5 ± 2.8 6.4 ± 3.2 
3-<trifluoromethylate) 8.3 ± 4.8 21.0 ±4.9 16.8 ± 0.8 
3-bromociiuiamate 11.6 ±2.5 23.9 ± 6.6 8.6 ± 0.3 
2,4-<lifluorocinnaniate 22.7 ± 9.9 18.2 ±3.4 13.5 ± 2.6 
2-cblon>-5-nitrocinnaniate 6.4 ± 3.2 6.1 ±6.1 6.7 ±6.7 
4-cbloro-3-nitrocinnamate 12.1 ±8.0 0 ± 0  3.3 ±3.3 
citronellate 17.4 ±2.1 6.3 ± 6.3 7.2 ± 1.0 
Isopropyl citronellate 88.4 ± 2.5 30.7 ± 1.0 24.1 ±2.2 
lO^Hydroi^geraniol 60.0 ±3.1 0 ± 0  0 ± 0  
lO-Hydroxygeranyl diacetate 19.8 ±6.3 9.7 ± 0.3 2.8 ±2.8 
di(trifluoroacetate) 7.2 ±0.3 5.6 ±3.2 0.0 ± 0.0 
di(pentafluoropropionate) 18.4 ± 2.4 13.5 ± 2.6 9.5 ± 1.2 
Menthol 38.7 ±3.2 6.7 ±0.7 0 ± 0  
Menthyl pentafluoropropionate 77.6 ± 2.4 6.7 ±0.2 
-
beptafluorobutyrate 43.9 ±3.1 15.9 ±0.8 
-
cinnamate 31.0 ±6.3 4.8 ± 4.8 3.0 ±3.0 
citronellate 18.3 ± 1.0 6.7 ±6.7 2.8 ±2.8 
Neopentyl cinnamate 5.5 ±2.8 0 ± 0  0 ± 0  
citronellate 20.0 ±0 0 ± 0  0 ± 0  
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Table 1. (continued) 
a-Nitromethylpeiillyl acetate 8.2 ±0.5 6.1 ±3.0 0 ± 0  
m -Phenoxybenzyl cinnamate 10.3 ± 2.6 5.1 ±2.6 8.6 ± 4.8 
Thymol 100±0 7.7 ± 2.2 0 ± 0  
Thymyl pentalluoropfopionate 16.5 ± 5.4 5.3 ± 2.9 -
heptafluorobutyrate 48.1 ± 1.9 21.1 ±4.9 -
cinnamate 0 ± 0  0 ± 0  0 ± 0  
2,2-difluoroethyI ether 23.0 ± 3.2 3.0 ± 3.0 -
ethyl ether 51.0 ±5.0 0 ± 0  -
2-fluoroethyl ether 88.8 ± 3.8 16.2 ± 2.0 -
perfluotD-2-propyl ether 5.1 ±2.6 0 ± 0  2.8 ± 2.8 
propargyl ether 66.2 ± 4.5 16.7 ±3.3 3.3 ±3.3 
2,2, 2-trifluoroethyl ether 3.3 ±3.3 0 ± 0  -
2.2.2-TrifluoFoethyl cinnamate 66.8 ±1.9 16.7 ±3.3 3.3 ±3.3 
citronellate 81.7 ±1.6 27.9 ±4.8 19.4 ± 5.6 
2-(Trifluoromethyl)isopropyl citronellate 85.8 ± 2.5 30.7 ± 1.0 24.1 ±2.2 
Verbenol 34.4 ± 1.6 0 ± 0  0 ± 0  
Verbenyl citronellate 66.7 ± 1.4 2.8 ± 2.8 6.4 ± 3.2 
" Results of the three replications were averaged with standard error of mean. 
' Not tested. 
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generally were significantly enhanced in comparison with their parent compounds. Most 
derivatives were acyl ester derivatives or alkyl ether ((^vatives, including some fluorinated 
ones. In general, acetate derivatives were more active, whereas cinnamate and citronellate 
derivatives were less toxic. Bomyl heptafluorobutyrate, among bomyl derivatives, was more 
active than bomeol. Carvacryl trifluoroacetate, carvacryl allyl ether, carvacryl 2-fluoroethyl 
ether, and carvacryl propargyl ether among carvacryl derivatives were significantly more 
active than the parent compound, carvacrol. Carvyl heptafluorobutyrate and menthyl 
pentafluoropropionate were more effective than their corresponding parent compounds. In 
contrast, there was no improvement in activities of carvyl, citronellyi, eugenyl, 10-
hydroT^geranyl, thymyl, and verbenyl derivatives in comparison with their parent 
monoterpenoids. Some derivatives showed reduced activities. As examples in reduced 
activities, ahnost all thymyl derivatives were less effective than thymol, the most effective 
monoterpenoid. 
The acute topical toxicity of monoterpenoids and their derivatives were still less 
effective than some commercial insecticides such as natural pyrethrins and many synthetic 
insecticides. Similar trends were reported previously with regard to the acute activity against 
A/, domestica}^' Among the monoterpenoids tested, the phenols were the most effective, 
and the more saturated alcohols were the most toxic. M domestica adults responded to the 
topical administration of some monoterpenoids and derivatives with hyperactivity, followed by 
quiescence. These effects suggested that immediate neurotoxicity was induced, although the 
mode of action is not known.^' The surviving flies recovered after a few hours, indicating that 
the monoterpenoid compounds required a threshold level to be effective and could be quickly 
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metabolized or eliminated. The hydrophobicity of monoterpenoid derivatives influences 
penetration rates through the cuticle, and piperonyl butoxide can synergize their toxic 
effects." 
3.2 Lurvicidal activity by soil bioassay 
Larvicidal activity of three parent monoterpenoids and their twelve derivatives was evaluated 
against the western com rootworm, D. virgifera virgifera. Ahnost all monoterpenoids and 
their derivatives showed some degree of larvicidal activity in the laboratory soil bioassay 
(Table 2). The data are expressed as an LC50 (ppm, |xg of compound per g of soil). The LCso 
values vary with respect to the structures of monoterpenoidal compounds. Thymol, a 
phenolic monoterpenoid, was significantly more toxic (LCso = 31.9 ppm) than the other 
phenolic monoterpenoid, carvacrol (171 ppm), or an acyclic monoterpenoid, geraniol (84.7 
ppm). Some acetate and ether derivatives showed enhanced toxicity. Carvacryl 
trifluoroacetate was four times more effective than carvacrol. The ethyl ether derivative also 
showed slightly improved toxicity, whereas other acetate and ether derivatives had the reverse 
effect. For example, thymyl and geranyl derivatives tested were 1-12 times less effective than 
their parent monoterpenoids, thymol and geraniol. An ether derivative, 2-fluoroethyl thymyl 
ether derivative had an activity equal to thymol. Rice and Coats reported that soil-applied 
alcoholic monoterpenoids were significantly more toxic, and the saturated phenolic 
monoterpenoid was more effective against the southern com rootworm, D. undecimpunctata 
howardi}* Karr and Coats reported that cf-limonene, a monocyclic monoterpenoid, exhibited 
a slight degree of toxicity to D. virgifera virgifera, and dead rootworm larvae had an unusual 
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Table 2. Larvicidal activity of monoterpenoids and their derivatives against 
D. virgifera virgifera by soil bioassay 
Monoterpenoids & derivatives n" Slope ± SE LCso (ppm)'' 95% CL 
Carvacrol 150 4.3 ±0.5 171 (142-205) 83.9 
Carvacryl trifluoroacetate 150 44.3 44.8 ( - Y • 
allyl ether 150 40.1 200 ( - ) * 
ethyl ether 150 5.5 ±0.5 107 (90.1-127) 102 
2-propyl ether 150 105.9 ±* 445 ( - ) * 
Thymol 120 75.8 ±* 31.9 ( - ) * 
Thymyl pentafluoropropionate 120 28.3 ± * 96.8 ( - ) * 
heptafluorobutyrate 120 29.8 ± * 111 ( - ) * 
ethyl ether 120 1.5 ±0.2 235 (155-377) 62.7 
2-fluoroethyl ether 120 75.8 ±* 31.9 ( - ) * 
Geraniol 120 30.5 ± » 84.7 ( — ) • 
Geranyl pentafluoropropionate 120 75.8 ±* 314 ( - ) * 
heptafluorobutyrate 120 27.4 ± * 1035 ( - ) * 
* Statistical analysis indicated that the numbers are not reliable. 
° Number of individuals tested. 
* LCjoS are means of three replicates; dosages are expressed in microgram of compounds 
per gram in soil (ppm) and were calculated by probit analysis (SAS Institute 1991). 
' Unable to achieve the confidence limits in laboratory tests. 
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appearance, in which the cuticle of the larva was very soft and darkened and the body seemed 
to be partly liquefied/^ 
3.3 Fumigation toxicity 
Three monoterpenoids and fourteen derivatives were tested as fumigants against M 
(hmestica, B. germemica, T castaneum, S. oryzae, and 0. surinamensis. They were exposed 
at a single concentration (SO ^g of compound/ml in the air). Fourteen-hour exposure was 
determined to be a sufiBcient time for insects without food and water in a small glass cylinder, 
and all insects in the control groups were healthy after this time period. Similar trends were 
noted by previous researchers.'^ The results of the ftimigation toxicity test are reported in 
Table 3 and revealed several general trends. The data are expressed by percentage mortality ± 
standard error of the mean. Certain monoterpenoids and their derivatives had some degree of 
ftimigation toxicity. 
Among the five insect species tested, M domestica and O. surinamensis were the 
most susceptible, and S. oryzae was the most resistant. Carvacrol, an aromatic 
monoterpenoid, was efifective in this ftimigation test, and carvacryl 2-propyl ether derivative 
showed enhanced activity. It showed 100%, 50%, and 100% mortality against B. germanica, 
T. castaneum, and O. surinamensis, respectively, whereas carvacrol showed 0%, 10%, and 
86% mortality against same insects. Carvacryl pentafluoropropionate and geranyl 
pentafluoropropionate, which are acyl derivatives, were also more effective against B. 
germanica or M. domestica than their parent compounds. The ftimigation toxicities of 
monoterpenoid derivatives varied depending on the ftinctional groups added to the parent 
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Table 3. Fumigation toxicity of monoterpenoids and tiieir derivatives against 
some public health and stored grain insects (14 hours after initial 
exposure at SO ^g/ml) 
%MortaUty±SEM^ 
Monoterpenoids & derivatives HT GC* RFB'' RW^ SGB' 
Carvacrol 100 ±0 0±0 10± 10 10 ±6 86±2 
Carvacryl ally! ether 40± 10 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
ethyl ether 80 ±6 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
2-fluoroethyl ether 100 ±0 0 ± 0  10 ±6 0 ± 0  0 ± 0  
2-propyl ether 100 ±0 100 ±0 50 ±0 0 ± 0  100 ±0 
trifluoroacetate 90 ±6 0 ± 0  0 ± 0  0 ± 0  M i l  
pentafluoropropionate 100 ±0 50i: 10 0 ± 0  0 ± 0  38± 11 
heptafluorobutyrate 100 ±0 0 ± 0  0 ± 0  0 ± 0  17±2 
Thymol 90±6 0 ± 0  0 ± 0  0 ± 0  88 ±6 
Thymyl ethyl ether 100 ±0 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
2-fluoroethyl ether 100 ±0 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
trifluoroacetate 20 ±6 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
pentafluoropropionate 80±6 0 ± 0  20± 10 0 ± 0  0 ± 0  
heptafluorobutyrate 90± 10 0 ± 0  10 ±6 0 ± 0  0 ± 0  
Geraniol 30± 12 0 ± 0  0 ± 0  0 ± 0  10± 10 
Geranyl pentafluoropropionate 87 ±7 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
heptafluorobutyrate 50± 15 0 ± 0  0 ± 0  0 ± 0  0 ± 0  
^ Results of the three replications were averaged with standard error of means. 
" HF- thehousef[y {Musca domestica) 
' GC - the German cockroach (Blattella germanica) 
® RFB — the red flour beetle (Tribolium castaneum) 
'' RW - the rice weevil (Sitophilus oryzae) 
' SGB — the sawtoothed grain beetle {Oryzeaphilus surinamensis) 
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compounds. When an alkyl group or fluoroall^l group was added to parent monoterpenoids, 
the fiunigation toxicity of their derivatives was increased. Making the ester or ether 
derivatives of monoterpenoids may influence their volatility or chemical stability and may 
affect their penetration rate through the cuticle or susceptibility to degradation in the insect 
bodies." 
4. CONCLUSIONS 
The new derivatized insecticidal compounds with specific functional groups may be selective 
in controlling the target insects, avoid some harmful effects such as phytotoxicity and killing 
nontarget species, or increase their residual effectiveness.^ In some insects, cytochrome P-
450 dependent monoo?^genase enzyme systems metabolize many terpenes to polar products 
that can be excreted easily.*^ Although the mechanisms of toxic action have not been fully 
elucidated, Karr et al. reported monoterpenoids as having neurotoxic effects as indicated by 
adverse electrophysiological effects ui an earthworm test.^^ 
The current study was undertaken to examine the structural requirements for the 
insecticidal activity of the new derivatives and to develop more effective monoterpenoid 
analogs that may be safe to animals and biodegradable in the environment. In this study, 
active monoterpenoid derivatives made fi'om the naturally occuring parent monoterpenoids 
were studied. We focused on the alcoholic or phenolic monoterpenoids because they have 
been previously shown to have enhanced insecticidal properties. Some carvaciyl, carvyl, and 
menthyl derivatives such as carvacryl trifluoroacetate, allyl ether, 2-fluoroethyl ether, 
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proparg)d ether, carvyl heptafluorobutyrate, and menthyl pentafluoropropionate showed 
enhanced acute activity against M. domestica in the topical application test. In the larvicidal 
activity test, carvaci^ trifluoroacetate was shown to have four times greater toxicity against 
D. virgifera virgifera than the parent compound, carvacrol. One of carvacryl derivatives, 
carvacryl 2-propyl ether, showed stronger fumigation activity against B. germanica, T. 
castaneum, and O. surinamensis. 
The results indicate that the structural characteristics of compounds such as shapes, 
degree of saturation, and types of functional groups influence the insecticidal activity and 
species-specific insecticidal susceptibilities. The monoterpenoids and their derivatives reflect 
some degree of insecticidal properties, with a wide spectrum of toxicities in acute topical 
application, larvicidal soil bioassay, and fumigation tests. The potencies of monoterpenoid 
compounds vary because their chemical properties and structural diversities can elicit dififerent 
degrees of toxicity. More specific studies on structure-activity relationships and the mode of 
action of monoterpenoids should provide a better understanding of their efficacy and potential 
insecticidal utility. 
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CHAPTER 4. COMPARISON OF THE FUMIGATION TOXICITY OF 
MONOTERPENOmS AGAINST THE RED FLOUR BEETLE (COLEOPTERA: 
TENEBRIONIDAE) 
A paper submitted to the Journal of Economic Entomology 
Sangl^n Lee'"^, Christopher J. Peterson^ and Joel R. Coats^ 
ABSTRACT Preliminary fumigation toxicity of twenty naturally occurring monoterpenoids 
was evaluated in screening tests on some important arthropod pest species, including house fly 
adults, Musca domestica (L.); the German cockroach, Blattella germanica (L.); the red flour 
beetle, Triholium castaneum (Herbst); the rice weevil, Sitophilus oryzae (L.); and the 
sawtoothed grain beetle, Oryzeaphilus surinamensis (L.). Ketones were generally more toxic 
than other monoterpenoids. Three monoterpenoids, pulegone and /-fenchone (both ketones) 
and perillaldehyde, were selected for further study at different temperatures and exposure 
times. They were effective against T. castaneum, an important stored-grain pest with a 
growing resistance problem, in the fumigation assay; however, the activity was relatively low 
in comparison with dichlorvos. Two minutes of air-diying was necessary to evaporate the 
acetone solvent to eliminate the toxicity effects from the solvent. Pulegone (LCso = S nl/ml) 
^ Graduate student. Pesticide Toxicology Laboratory, Department of Entomology, Iowa 
State University. 
^ Professor, Pesticide Toxicology Laboratory, Department of Entomology, Iowa 
State University. 
^ Author for correspondence. 
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was the most effective monoterpenoid at 24 "C and 48 h, followed by /-fenchone (110 nl/ml) 
and perillaldehyde (>1,000 nl/ml). fiBgher temperatures and longer exposure times resulted in 
enhanced toxicities. Adding grain to the fiimigation containers also influenced the insecticidal 
activity. The toxicity of pulegone (LCso = 25 nl/ml at 37 ®C and 24 h) decreased to >1,000 or 
162 nl/ml when applied to the fumigation jars filled with house fly medium (HFM) or com, 
respectively. Monoterpenoids may be suitable as fiimigants or vapor-phase insecticides 
because of their high volatility, fomigation efiScacy, and their safety. 
KEY WORDS monoterpenoid, insecticide, Tribolium castaneum, fumigation toxicity, 
temperature 
INTRODUCTION 
Post-harvest insect pests cause a serious loss during storage (Jilani et al. 1988), and 
this loss can be sustained in either the quantity or quality of the stored products (Evans 1987). 
Among stored-products insect pests, the red flour beetle, Tribolium castaneum (Herbst), is 
one of the most commonly found and injurious (Zettler 1991). For the control of these 
beetles, conventional fimiigation has been used for many years (MofiBtt & Burditt 1989, 
Taylor 1994); however, relatively few chemicals have been employed as fiimigants because 
fumigants must exist in the gaseous state when they are released, and they must be toxic to 
insects. At least sbcteen chemicals have been registered as fumigants, but only methyl bromide 
and phosphine are still being used conunercially for stored products because of public concern 
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for human health and safety (Bond 1984, Evans 1987, Taylor 1994). In spite of the diverse 
biological activities of methyl bromide in agriculture, this man-made, ozone-depleting 
chemical is scheduled to be phased out by 2001 under the Clean Air Act (Taylor 1994). 
Several alternatives for methyl bromide are being considered, including carbon dioxide 
(compressed gas or a solid formulation) (White & Jayas 1993), mixtures of contact 
insecticides and insect growth regulators, reduction of the oxygen content by using nitrogen 
and other gases, and storage temperature control (Donahaye et al. 1995, MofiBtt & Burditt 
1989). As a chemical fumigant, dichlorvos is one of the most potent, but its commercial uses 
are decreasing because of regulatory restrictions. 
Additional problems include residues of applied chemicals on grain (Jessup & Sloggett 
1993), phytotoxicity to the grain, and the development of resistant strains of insect pests. 
There are several reports on resistance to organic chemicals applied against T. castaneum 
(Donahaye et al. 1992, Zettler 1991, Zettler & Cuperus 1990). Halliday et al. (1988) reported 
that 50% of field strains of T. castaneum in the southern United States have been shown to be 
resistant to dichlorvos, and cross-resistance has been shown to exist between dichlorvos and 
pirimiphos-methyl. Therefore, alternative fumigants and control measures are required and 
are being studied by some researchers (filani et al. 1988, Talukder & Howse 1993, Walters et 
al. 1983). Alonso-Amelot et al. (1994) noted T. castaneum was feasible for testing natural 
compounds of ecochemical and economic importance. 
Natural products have been used to protect crops firom pest invasions over the 
centuries (Pillmoor et al. 1993), and the effectiveness of traditional botanical pest control 
agents has been reevaluated recently. Plants can produce a diverse range of secondary 
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metabolites such as terpenoids, alkaloids, polyacetylenes, flavonoids, and sugars (Benner 
1993). One of the most useful classes, the monoterpenoids, is widely distributed in the 
essential oils of plants (Banthorpe 1991, Dev et al. 1982). More than 1,000 naturally 
occurring monoterpenoids have been isolated from higher plants (Charlwood & Charlwood 
1991). Antifeedant or insecticidal properties of these compounds have been considered as 
alternative pest control strategies for commercial products. Some have shown promise as 
potential natural insect pest control agents because they are acutely toxic and possess repellent 
(Watanabe et al. 1993) and antifeedant properties (Hough-Goldstein 1990). Previous 
laboratory evaluations of monoterpenoids on various insect pests have established their 
biological activity as ovicides, fiimigants, and contact toxicants (Karr & Coats 1988, Rice & 
Coats 1994, Tsao et al. 1995). 
This study evaluated the fumigation toxicity of some monoterpenoids to three stored-
product insect pests and two public health insects. We also examined and compared the 
flmiigation activity of three monoterpenoids (pulegone, /-fenchone, and perillaldehyde) with 
dichlorvos, an organophosporus insecticide, against T. castaneum. Our goals were to 
evaluate the effect of different temperatures and exposure periods on fumigation toxicity of 
some monoterpenoids. We hoped to increase the toxicity and to determine the optimum 
conditions which may make monoterpenoids more competitive with other fiimigants. 
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MATERIALS AND METHODS 
Chemicab. The natural monoterpenoids were purchased for bioassays from Aldrich 
(Nfilwaukee, WI), Sigma (St. Louis, MO), and P^tz and Bauer (Waterbury, CT). Dichlorvos 
(analytical grade) was purchased from Chemservice (West Chester, PA) and served as a 
standard for comparison. All solvents and chemicals were of certified grade or over 9S% 
purity. 
Insects. All the test insects were supplied from laboratory colonies reared exclusively and 
maintained under conditions of 25 ± 1 °C, 40-60% RH, and a photoperiod of 14:10 (L;D) h 
in the Pesticide Toxicology Laboratory of the Department of Entomology, Iowa State 
University. M domestica (Orlando Regular strain) were reared on fly media (Purina 
Labchow* Ralston Purina, St. Louis, MO) as larvae, and a diet of powdered milk and sugar 
for adults as described by Saito et al. (1992). B. germanica were maintained in a 38-liter 
glass aquarium on commercial cat chow. T. castaneum were reared in 3-liter glass jars on 
whole wheat flour and fly medium. O. surinamensis were maintained in 1-liter glass jars on a 
whole wheatroatmeal diet (1:1, v/v), and S. oryzae were maintained in glass jars with 
untreated com. 
Preliminary Fumigation Test The preliminary fumigation toxicity of twenty representative 
monoterpenoids in the form of alcohols and phenols, ketones, and miscellaneous 
monoterpenoids was evaluated onM domestica, B. germanica, T. castaneum, S. oryzae, and 
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O. surinamensis. This primary test was slightly modified from the method described by Rice 
& Coats (1994). Mortality observations were made 14 hours after initial exposure of the 
insects, and the concentration was fixed as SO per ml in the fumigation jar. Com oil was 
used to increase the application volume of the compounds and for homogeneous distribution 
in the jars, ^proximately 10 adult M domestica, 5 male adult B. germanica, 20 T. 
castamum, 20 S. oryzae, and 20 O. surinamensis were placed in a small glass cylmder (6x2 
cm), respectively, in the individual bioassays, and secured on both ends with a fine stainless-
steel screen and secured with Parafilm. The cylmders were then suspended in the center of a 
brown glass jar (2.78-liter volume). The appropriate amount of each monoterpenoid was 
administered to the inside of each jar with an Eppendorf tip, and the jars were each equipped 
with a magnetic stir bar. Thejars were then sealed tightly with lids. Magnetic stirring was 
continuous to insure homogeneous distribution of the volatilized compounds. Each test was 
replicated three times, and the data are reported as the mean of the three reps ± SEM (a = 
0.05). 
Effectiveness of the Monoterpenoids at Diffierent Temperatures. We selected the 
monoterpenoids based on previous results (Rice & Coats 1994), and our preliminary data 
(procedure described above) indicated perillaldehyde, pulegone, and /-fenchone as potential 
candidates (see Fig. 1). Dichlorvos was used as a standard because of its high vapor pressure 
(1.2 X 10*^ nun Hg at 20 °C) (Smith & Rust 1991) and because it is known as a potent 
fumigant with toxicity against various insects. The selected monoterpenoids and dichlorvos 
were diluted with the certified acetone to the appropriate concentrations. Toxic efifects of the 
CHO 
Perillaldehyde 
r-
Pulegone 
Fig. 1. Structures of three monoterpenoids. 
/-Fenchone 
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organic solvent, acetone (100 ^1/jar), were tested at different evaporation time intervals (0, 1, 
2, and 5 minutes) before closing the fumigation jars at two different temperatures (24 and 37 
°C), and an untreated control was included, ^proximately IS adult T. castaneum were 
placed in a small glass cylinder that contained a small amount of a diet (brewer's dried grains, 
dehydrated al&l& meal, and wheat bran), and the cylinder was secured as described. Three or 
four small glass (flinders with insects were suspended in the center of a Mason jar (500-ml 
volume). Some of these jars were packed with house fly larva medium (HFM) or com, 
depending on the test purposes. The appropriate dilution of monoterpenoid was administered 
in 100 |il portions on Whatman No. 1 filter paper (9-cm diam.) with an Eppendorf tip, and 
then the acetone was air>dried for 2 minutes outside of the jars. Acetone alone was applied 
and dried for the same time period to serve as a control. The filter papers were placed at the 
bottom of the jars, the lid was put on, and the insects were held at 40-60% RH with a 
photoperiod of 14:10 (L;D) h at different temperatures (24, 37, and 40 °C). This closed 
system allowed exposure of T. castaneum to the vapors without direct contact with the 
compounds or organic solvent. Tests were replicated three times for each compound. The 
number of dead insects were counted at 24,48, 72, and 96 h after initiated exposure. The 
average mortality was calculated, and the standard error of the mean was reported. The data 
were then subjected to statistical analysis. Differences in sensitivities of the test insects to the 
monoterpenoids were evaluated by the mortality data at each exposure period and under all 
conditions. The treatment means were subjected to probit analysis to estimate LCsos (Finney 
1971, SAS Institute 1991). The treatment means were compared and separated by using least 
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significant differences (LSD) at P < O.OS and one-way analysis of variance (SAS Institute 
1991), both of which were calculated firom the raw data. 
RESULTS AND DISCUSSION 
Preliininary Fumigation Test Twenty monoterpenoids - 9 alcohols or phenols, 7 ketones, 
and 4 miscellaneous - were tested as fiimigants against M domestica, B. germanica, T. 
castaneum, S. oryzae, and O. surinamensis. The results are reported in Table 1. Among the 
five insect species tested, M domestica and O. surinamensis were the most susceptible, while 
T. castaneum was more resistant. In the alcohol or phenol group, carvomenthenol, linalool, 
and isopulegol showed fumigant activity. Cineole and limonene were the most active 
monoterpenoids in the miscellaneous group. Karr & Coats (1988) noted that high 
concentrations of </-limonene vapors caused mortality in B. germanica and S. oryzae, and oral 
administration accelerated growth in German cockroach nymphs. The ketones, however, 
seemed to be the most toxic group of all test insects. Pulegone and /-fenchone were the most 
effective ketones in this preliminary test. Mortalities of 100% at 14 h after initial exposure of 
SO ^g/ml were observed. Fourteen hours was assumed to be a sufiBcient time for exposure, 
and all insects in the control groups were healthy at this time period. Similar trends were 
noted by Rice & Coats (1994), and they reported that some aldehydes were more effective 
fumigants than structurally similar alcohols. Therefore, the ketones pulegone and /-fenchone 
and the aldehyde perillaldehyde were chosen for further study. Other biological activities of 
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Table 1. Preliminary fumigation toxicity of twenty monoterpenoids against some 
public health and stored insects (14 hours after initial exposure at 50 |ig/ml) 
% Mortality ± SEM^ 
Monoterpenoids jjpA 
alcohols & phenols 
carvacrol lOOiO 0 ± 0  10.0 ±10.0 10.0 ±5.80 86.0 ± 8.30 
carveol 90.0 ±6.70 50.0 ± 5.80 0 ± 0  0 ± 0  100 ±0 
carvomenthenol 100±0 50.0 ± 5.80 30.0 ± 10.0 0 ± 0  100 ±0 
citronellol 30.0 ± 10.0 0 ± 0  0 ± 0  0 ± 0  100 ±0 
linalool 100 ±0 100 ±0 10.0 ± 5.80 0 ± 0  100 ±0 
menthol 100 ±0 30.0 ± 11.7 0 ± 0  0 ± 0  5.00 ± 2.90 
terpineol 20.0 ± 11.6 0 ± 0  0 ± 0  0 ± 0  100 ±0 
verbenol 90.0 ± 5.80 0 ± 0  0 ± 0  10.0 ± 10.0 100 ±0 
isopulegol 100 ±0 O i O  20.0 ± 10.0 50.0 ± 5.80 100 ±0 
ketones 
d -carvone 100±0 80.0 ± 5.80 50.0 ± 5.80 10.0 ± 5.80 100 ±0 
/-carvone 100 ±0 80.0 ± 5.80 50.0 ± 0 20.0 ± 0 100 ±0 
/ -fenchone 100 ±0 100 ±0 100±0 100 ±0 100 ±0 
menthone 100 ±0 100 ±0 100 ±0 90.0 ± 6.70 100 ±0 
pulegone 100 ±0 100 ±0 100 ±0 100 ±0 100 ±0 
thujone 100 ±0 100 ±0 90.0 ± 0 90.0 ± 6.70 100 ±0 
verbenone 100 ±0 50.0 ± 5.80 60.0 ± 11.6 80.0 ± 5.80 100 ±0 
miscellaneous 
citronellal 100±0 0 ± 0  0 ± 0  0 ± 0  100 ±0 
citral 80.0 ± 5.80 0 ± 0  0 ± 0  1 0 ± 0  90 ± 5.8 
cineole 100±0 100 ±0 100 ±0 100±0 100 ±0 
limonene 100 ±0 100 ±0 60 ±10 100±0 100 ±0 
Control 0 ± 0  0 ± 0  0 ± 0  0 ± 0  0 ± 0  
^ Results of the three replications were averaged with standard error of means. 
" HF - house fly (Musca domestica) 
'' GC - German cockroach (Blattella germanica) 
RFB - red flour beetle {Tribolium castaneum) 
'' RW - rice weevil (Sitophilus oryzae) 
' SGB - sawtoothed grain beetle {Oryzeaphilus surinamensis) 
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pulegone, /-fenchone, and perillaldehyde were reviewed by previous researchers (Gunderson 
et al. 1985, Harwood et al. 1990, Kang et al. 1992, Marotti et al. 1994, Mason 1990). 
EfTectiveiicsf of the Monoterpcnoids at Different Temperatures. T. castaneum was 
selected for the advanced tests as a target insect pest because of the convenience of rearing 
and their hardiness. Acetone is a volatile solvent widely used in general screenings of 
insecticides. Acetone can be toxic itself in fumigation tests, partly because of its high volatility 
OSudavari et al. 1996). Figure 2 shows that the killing pattern of acetone itself depends on the 
air-drying time intervals (0, 1,2, and 5 minutes). Acetone (100 |il) without air-drying 
produced 100% mortality of T. castaneum at both test temperatures, whereas acetone air-
dried for 1 mimnute produced mortalities (assessed at 24 and 48 h) below 10%. Similar 
trends were observed for 2 and S minutes of air-drying. The filter papers treated with 
monoterpenoids in acetone were air-dried for two minutes to avoid the solvent toxicity effect 
mentioned earlier. At 96 hours observation, a higher temperature (37 °C) was more effective 
than a lower temperature (24 °C), but the control mortality was around 65%. 
Table 2 shows the fumigation activity of three selected monoterpenoids against T. 
castaneum at various conditions with different temperatures, exposure time periods, and 
grains. The data are expressed by LCso (nl/ml) values. The results revealed several general 
trends. Pulegone, perillaldehyde, and /-fenchone were effective in the fumigation study, but 
they were at least 100 times less active than dichlorvos. Among them, pulegone (LCjo = 5 
nl/ml) was the most effective monoterpenoid at the conditions of 24 °C and 48 h, followed by 
/-fenchone (110 nl/ml) and perillaldehyde (>1,000 nl/ml) at the same conditions. The LCso 
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Fig. 2. Comparison of the toxic effect of acetone as a solvent, depending 
on the air-drying time intervals at 24 and 37 °C. 
Table 2. Fumigation activity of several monoterpenoids and temperatures against T. castaneum 
Treatments °c hr n" Slope ± SEM LCjo (nl/ml)* 95% CL 
24 24 235 3.11 ±0.33 209 (161 -275) 88.3 
48 220 3.18±0.31 5.18 (4.04 - 6.47) 105 
96 200 121 ± 0.99 6.32 (5.67 - 7.01) 53.8 
37 24 210 6.70 ± 0.87 24.8 (19.4-33.5) 59.5 
48 205 1.22 ±0.11 1.09 (0.67 - 1.70) 120 
96 232 1.69 ±0.31 0.23 (0.12-0.33) 30.1 
40 24 240 - <0.1 ( -  r  -
48 214 - <0.1 ( - ) -
96 210 - <0.1 ( - )  -
24 24 205 — > 1000 ( - )  — 
48 202 - > 1000 ( - )  -
96 211 - > 1000 ( - ) — 
37 24 256 - > 1000 (  -)  -
48 232 - > 1000 ( - )  — 
72 223 1.58±0.15 202 (138-311) 108 
96 210 2.24 ± 0.24 77.7 (56.4 - 106) 87.1 
40 24 210 - > 1000 (  -)  -
48 234 0.26 ± 0.07 6280 (506 - 8.27 X lO'') 13.8 
96 198 2.55 ±0.56 4.14 (1.49 - 6.70) 21.0 
24 24 210 - > 1000 (  -)  — 
48 211 - > 1000 (  -)  -
72 213 - > 1000 (  -)  -
96 225 - > 1000 (  -)  -
37 24 214 1,49 ±0.14 162 (109-252) 114 
Pulegone alone 
Pulegone with HFM'^ 
Pulegone with com 
SO 
Table 2. (continued) 
Perillaldehyde alone 
/ -Fenchone alone 
Dichlorvos alone 
48 225 4.26 db 0.60 104 (84.5 - 128) 50.0 
72 236 2.05 ±0.18 47.0 (34.1 -65.2) 131 
96 217 3.98 ± 0.43 22.4 (17.7 - 29.0) 85.20 
24 24 218 — > 1000 ( - ) — 
48 220 - > 1000 ( - )  -
96 210 - > 1000 ( - ) -
37 24 235 2.85 ±0.27 20.0 (15.2-26.3) 113 
48 222 3.38 ±0.33 30.0 (23.1 -38.8) 106 
96 220 4.52 ±0.56 17.8 (14.4 - 22.8) 64.2 
24 24 218 — — (  -  )  — 
48 229 5.51 ±0.78 109 (95.2 - 133) 50.5 
96 200 7.75 ± 1.48 180 (144 - 274) 27.5 
37 24 214 - - ( - )  -
48 238 4.64 ± 0.43 49.5 (43.5 - 56.7) 116 
96 227 3.63 ±0.24 8.22 (7.16-9.44) 221 
24 24 220 3.91 ±0.44 0.066 (0.052 - 0.082) 78.7 
48 226 6.14 ±0.67 0.04 (0.034 - 0.048) 83.3 
96 237 4.77 ± 0.46 0.035 (0.029 - 0.042) 109 
37 24 219 4.66 ± 0.54 0.022 (0.019-0.025) 73.3 
48 211 13.7 ±2.30 0.011 (0.010-0.012) 35.5 
96 226 4.86 ± 0.47 0.006 (0.005 - 0.007) 108 
VO 
" Number of individuals tested. 
'' LC30S are means of three replicates; concentrations are expressed in nanoliters of monoterpenoids per milliliter air (ppm) 
in fumigation bottles and calculated by probit analysis (SAS Institute 1991). 
Unable to achieve 50% mortality in laboratory tests. '' HFM = house fly medium (dry). 
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value of dichlorvos was 0.04 nl/ml under these conditions. To determine the optimum 
temperature and time, we examined the conditions under which a monoterpenoid (e.g., 
pulegone) could be more competitive with other fumigants. Higher temperatures resulted in 
higher activities. Waiters et al. (1983) also studied the effect of temperature on toxicity and 
the persistence of some pyrethroids against T. castaneum and reported similar results of 
mortality increasing with temperature. The LCso values of pulegone, /-fenchone, and 
perillaldehyde were 1, 49, and 30 nl/ml at 37 °C, respectively. In addition to the acute 
toxicity, Evans (1987) noted that temperatures of35-40 °C reduced oviposition and 
survivorship in most stored-product insects. Longer exposure time also enhanced toxicity. 
The LCso value from 24-h exposure to pulegone was 209 nl/ml at 24 °C, but it was lower, 
after exposure for 48 h (S nl/ml) and at 96 h (6 nl/ml). 
Grain types also influenced the fumigation toxicity in this test, presumably because 
they prevented monoterpenoid vapors from diffusing freely through the container, or because 
the monoterpenoids adsorb to the grain. For instance, the fiimigation activity of pulegone was 
lower when it was applied to the fumigation jar packed with house fly larval medium (HFM) 
or com. The same trend was observed in the dichlorvos treatments. LCsoS of pulegone alone, 
pulegone with com, and pulegone with HFM at 37 ®C for 24 h were 25, 162, and >1,000 
nl/ml, respectively. Pulegone, a constituent of mint oil, has been considered an effective 
defensive chemical in part because of repellency (Mason 1990), but also because of 
interference with development and reproduction (Gunderson et al. 1985). Acute toxicity of 
pulegone to various insects was also demonstrated by Harwood et al. (1990). 
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An important strategy is to determine the conditions (temperature and exposure 
period) that may make monoterpenoids more effective and competitive with other commercial 
fumigants. The comparisons in the fimiigation toxicities of three monoterpenoids and one 
standard compound, dichlorvos, against T. castaneum at different temperatures and 
concentrations (|il/ml) are shown for 24 h (Table 3), 48 h (Table 4), and 96 h (Table 5). The 
data were expressed by percentage mortality ± standard error of the mean. In general, the 
mortalities in the treatment of pulegone with com at 37 °C and 0.1 ^1/ml concentration were 
elevated significantly as exposure time periods lengthened; 7.3 ± 1.0% at 24 h (in Table 3), 
45.2 ± 27.6% at 48 h (in Table 4), and 100 ± 0% at 96 h (in Table 5). One-way analysis of 
variance indicated that there were significant differences among all of the following: toxicity 
of compounds, toxicity of a compound with or without grain, concentrations, temperatures, 
and time of exposure. The least significant difference (LSD) test also indicated significant 
differences among temperatures in each treatment and at each concentration (P < O.OS). 
These statistical analyses were done at each time of exposure because of their significance. At 
24 h, very significant differences were found in the pulegone-alone treatment and the 
dichlorvos treatment with different temperatures. There were also very significant differences 
among treatments at each concentration. The effects of treatment conditions and 
concentrations show a general trend of increase in mortality with rising temperature, length of 
exposure time, and treatment concentration. At 48 h, very significant differences were found 
in the monoterpenoid treatments, including the /-fenchone-alone treatment as well as the 
dichlorvos treatment with different temperatures, and also found among treatments at each 
Table 3. Eflect of temperature and concentration on the fumigation toxicity of several monoterpenoids against 
T. castaneum at 24 hours 
Temp % mortality ± SEM (24 h)" 
Treatments'' (°C) w" 1 nl/ml'' 0.1 0.01 0.001 0.0001 0 P r > F  
Pulegone alone 24 210 : 87.6 ± 10.6 bA 30.2 ± 5.2 bB OiOdC 4.8±3.1cdC 2.8 ±1.4 dC 1.7±1.7cC 0.0001 
37 250 lOOdbOaA 100±0aA 3.3±3.3dB 1.7±1.7cdB 0±0dB 4.5±0.3abcB 0.0001 
40 205 lOOiOaA 100 ± 0 aA 100d:0aA lOOdbOaA 100±0aA S.O±S.OabcB 0.0001 
Pulegone with HFM* 24 200 3.9 ±0.4 cB 10.3 ± 1.9 cdA 1.5± 1.5dB 2.0±2.0cdB 0±0dB 0±0cB 0.0009 
37 210 OdkOcB 6.1±0.2dcA O^OdB 0±0dB 0±0dB 0±0cB 0.0001 
40 222 10.0 ± 5.0 cA 16.2 ± 10.3 cA 7.7 ± 3.6 CdA 10.6 ± 3.0 bA 6.1±l.ldA 2.9± 1.5bcA 0.5781 
Pulegone with com 24 208 7.2 ± 7.2 cA 3.0±3.0dcA 5.0 ± 5.0 CdA 2.4 ± 2.4 CdA 5.0 ± 5.0 dA 7.9 ± 7.9 abA 0.7814 
37 
40 
235 100i;0aA 7.3 ± l.OcdeBC 18.1 ± 15.2 bB 6.2±0.6bcC 5.6±0.3dC 0±0cC 0.0001 
Perillaldehyde alone 24 260 3.4 ± 3.4 cA OiOeA 4.2 ± 4.2 CdA 4.6 ± 4.6 cdA OdbOdA 0±0cA 0.1790 
37 
40 
223 lOOiiOaA 96.7 ± 3.4 aA 13.4 ± 6.7 bcB 6.I±0.2bcC 3.4 ± 3.4 dC 9.1 ±1.4 aBC 0.0001 
Dichlorvos alone 24 263 100±0aA 100 ± 0 aA lOOiOaA lOOiOaA 66.5 ± 7.8 cB 0±0cC 0.0001 
37 234 lOOdhOaA 100 ± 0 aA lOOiOaA lOOdbOaA 88.1 ±8.6 be 2.8±2.8bcC 0.0001 
40 _ — — — — — 
Pr>F O.OOOl 0.0001 O.OOOl O.OOOl O.OOOl 0.0137 
Means within each column, at each site, followed by the same lower-case letter or means within each row follwed by the same upper-case letter 
are not significantly diflerent (P < 0.05; LSD test; SAS Institute 1991). 
" Averaged results of the three replications. 
'' Sec text for treatment of each monoterpenoid. 
° Number of individuals examined. 
Concentrations arc e.\presscd in microliters of monoterpenoids per milliliter air in the fumigation bottles. 
' HFM = house fly medium (dry). 
Table 4. Effect of temperature and concentration on the fumigation toxicity of several monoterpenoids against 
T. castaneum at 48 hours 
Temp 
Treatments'* (°C) n' 1 nl/ml'' 
Pulegone alone 24 228 10O±OaA 
37 254 100±0aA 
40 211 lOOiOaA 
Pulegone with HFM* 24 232 5.6 ± 1.2 dAB 
37 241 20.2± 13.1cA 
40 210 45.1 ± 17.2 bA 
Pulegone with corn 24 212 1.6 ± 1.6 dB 
37 267 100 :i: 0 aA 
40 - -
Perillaldehyde alone 24 223 10.6 ± 0.6 cdA 
37 230 100 i; 0 aA 
40 - -
/-Fenchone alone 24 222 lOOdbOaA 
37 241 100±0aA 
40 - -
Dichlorvos alone 24 254 lOOiOaA 
37 244 100 ± 0 aA 
40 - -
% mortality ± SEM (48 h)" 
0.1 0.01 0.001 0.0001 0 P r > F  
8.0 db 2.4 dB 3.1 ± 1.6 dec 1.6 ± 1.6 bC 0.0001 
1.6 ± 14.1 bC 4.7 ± 11.4 deD 10.2 ± 0.6 abE 0.0002 
lOOiOaA 100±0aA 0±0bB 0.0001 
8.5 ±2.1 dA 3.0 ± 1.8deBC 0±0bC 0.0624 
8.9 ±2.2 dA 0±0eA 0±0bA 0.3944 
26.1 ± 4.4 cAB 29.6 ±2.9 bAB 8.8 ± 4.5 bB 0.0534 
3.3±3.3dB 11.0±3.3deA 0. ± 0 bB 0.0013 
24.5 ± 20.0 cB 13.1 ± 13.1 cdC 0±0bC 0.0001 
8.8 ± 8.8 dAB 9.1±9.1deAB 20.9 ± 20.9 aA 0.2428 
OiOdC 9.3 ± 2.6 deB 8.8 ± 8.8 bB 0.0001 
7.5 ± 1.6 dC 0±0cC 0±0bC 0.0001 
3.4±3.4dD 6.7± l,7deCD 0±0bDE 0.0001 
100 ± 0 aA 100±0aA 0±0bB 0.0001 
100±0aA 100±0aA 0±0bB 0.0001 
lOOdbOaA 1.6±1.6cdC 
94.7 ± 1.5 aAB 65.2 ± 16.9 bBC 
lOOiOaA lOOiOaA 
2.2 ± 2.2 cdBC 3.8 ± 1.9 cdAB 
4.6 ± 4.6 bcA 
51.0 ± 13.0 bA 
2.7 ± 2.7 cdB 
45.2 ± 27.6 be 
0±0dB 
OiOdA 
14.5 ± 5.5 cB 
7.9 ± 2.6 CdA 
2.8±2.8cdC 
Pr>F 0.0001 0.0001 
100 ± 0 aA 
0.0001 0.0001 0.0001 0.0095 
Means within each column, at each site, followed by the same lower-case letter or means within each row followed by the same upper-case letter 
are not significantly difTerent (P < 0.05; LSD test; SAS Institute 1991). 
" Averaged results of the three replications. 
^ See text for treatment of each monoterpcnoid. 
" Number of individuals examined. 
'' Concentrations are expressed in microliters of monoterpenoids per milliliter air in the fumigation bottles. 
* HFM = house fly medium (diy). 
Table 5. Eflect of temperature and concentration on the fumigation toxicity of several monoterpenoids against 
T. castaneum at 96 h 
Temp % mortality ± SEM (96 h)" 
Treatment' (°C) w" 1 Ml/ml'' 0.1 0.01 0.001 0.0001 0 Pr>F 
Pulegone alone 24 222 lOO^OaA lOOiOaA 3.6±1.8fgCD 8.5 ± 0.8 cB OirOgD 5.0±2.9efBC 0.0001 
37 214 lOOdbOaA lOOdbOaA 100±0aA lOOdbOaA 82.9 ± 7.9 bB 83.6 ± 5.7 bB 0.0131 
40 275 lOOdbOaA lOOdbOaA 100±0aA lOOdtOaA lOOiOaA 50.9 ± 9.2 dB 0.0001 
Pulegone with HFM* 24 220 0±0cA 2.9 ± 1.5 cA 8.6±3.6fA 6.7 ± 4.2 cA 9.0 ±5.9 efA 1.2 ±1.2 efA 0.3174 
37 232 100±0aA 40.7 ± 3.2 bC 19.7 ± 5.4 dD 67.5 ± 20.8 bB 18.2 ±3.2 do 5.0±5.0elD 0.0001 
40 213 lOOiOaA %.7±3.3aA 72.9 ±4.7 cB lOOiOaA 95.1±2.6aA 42.5 ± 8.2 dC 0.0001 
Pulegone with com 24 221 OiOcB 9.3 ± 4.3 cA 10.7 ± 10.7 efA OdbOcB 0±0gB 8.4 ±0.7 efA 0.0294 
37 256 100±0aA lOOiOaA 5.8±0.5fgCD 7.5 ± 2.5 cC 19.2±8.1dB 0±0(D 0.0001 
Pcrillaldehyde alone 
/-Fenchone alone 
Dichlorvos alone 
Pr>F 
40 
24 220 
37 219 
40 
24 
37 
40 
24 
37 
40 
238 
251 
237 
240 
14.3 ± 14.3 bB 
100 0 aA 
lOOdbOaA 
lOOiOaA 
lOOiOaA 
lOOiOaA 
0.0001 
47.7±19.1bA 0±0gB 0±0cB 
lOOiOaA 17.89 ± 3.6 deC 3.6±3.6cC 
10.7 ± 10.7 cB 3.9±3.9fgB 10.0 ± 10.0 cB 
100 ± 0 aA 89.4 ± 1.9 bB 6.3 ± 6.3 cD 
lOOdbOaA lOOdbOaA IOOi;OaA 
lOOiOaA lOOiOaA 100±0aA 
OiOgB 4.6dk4.6e(B 0.0004 
14.0±I.5deC 6S.IdbI9.6cB 0.0001 
2.9i:2.9rgB 2.1i;2.1cfB 0.0001 
48.8 1.2 cC 0±0fE 0.0001 
lOOitOaA 0±0aB 0.0002 
lOOitOaA 13.8:1:4.2 eB 0.0001 
0.0001 0.0001 0.0001 0.0001 0.0001 
Means wilhin each column, at each site, followed by the same lower-case letter or means within each row followed the same upper-case letter 
are not significantly diflerent (P < O.OS; LSD test; SAS Institute 1991). 
" Averaged results of the three replications. 
^ See text for treatment of each monoterpenoid. 
° Number of individuals examined. 
'' Concentrations are expressed in microliters of monoterpenoids per milliliter air in the fumigation bottles. 
' HFM = house fly medium (dry). 
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concentration. Similar trends were observed at 96 h. However, there were a few exceptions 
(Tables 3, 4, and 5). 
CONCLUSIONS 
Although synthetic organic chemicals have been used as an effective means of stored-
product pest control for many years, many compounds have been and will be phased out 
because of their toxicity to humans, resistance problems in insects, and environmental 
concerns. Fumigation has played a significant role in controlling stored-product insect pests, 
and alternatives will be needed in the future as replacements, e.g., for methyl bromide. The 
effectiveness of many plant secondary metabolites as repellents, antifeedants, and insecticides 
against T. castaneum has been studied, and this beetle has shown susceptibility to plant-
derived chemicals (Jilani et al. 1988, Talukder & Howse 1993, Xie et al. 1995). Among them, 
monoterpenoids are typically volatile and rather lipophilic compounds that can penetrate into 
insects rapidly and obviously interfere with their physiological functions. Their mechanism of 
action is not understood at this time. Karr & Coats (1992) reported that several common 
monoterpenoids affected the growth and reproduction ofi8. germanica. 
The biological effects in this fumigation test reflect that some monoterpenoids have 
sufGcient potencies to replace the more problematic flimigants and insecticides. Pulegone is 
one of the most effective monoterpenoid flimigants. Though the degree of the fumigation 
toxicity was influenced by the presence and type of stored grain, and their potency was lower 
than that of the standard compound, the monoterpenoids could be used in the field because of 
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their properties and safety. Although dichlorvos, a very potent organophosphate, was utilized 
as the standard and is 2-3 orders of magnitude more effective than the monoterpenoids, it 
should be pointed out that it is being phased out or has been banned for most fumigation uses 
because of its human toxicity. More specific studies and fiuther investigations on fumigation 
toxicity and the influence of temperature on stored commodities are needed for better 
understanding of monoterpenoid application in pest control. 
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CHAFFERS. INFLUENCE OF DIETARYMONOTERPENOmS AND 
DERIVATIVES ON SURVIVAL AND GROWTH OF THE EUROPEAN CORN 
BORER, OSTRINIA (LEPIDOPTERA: PYRALIDAE) 
A paper submitted to the Journal of Economic Entomology 
Sangkyun Lee^'^, Rong Tsao^ and Joel R. Coats^ 
ABSTRACT A total of sixteen natural monoterpenoids and six synthetic derivatives that 
have shown insecticidal properties in our previous research were selected for study of the 
larvicidal activity and growth inhibitory effect against the European com borer (ECB), 
Ostrinia nubilalis (Hubner). For this study, two different dietary exposure methods were 
utilized as bioassays: compounds applied on the diet surface (on-diet) and incorporated into 
the diet Qn-diet). Most of the monoterpenoid compounds showed some degree of larvicidal 
activity in both treatments after a 6-d exposure period. Among the monoterpenoids, pulegone 
was the most active relative to other compounds. Larvicidal toxicities were significantly 
enhanced for the structurally modified compounds; monoterpenoid derivatives MTEE-25 (2-
fiuoroethyl thymyl ether) and MTEE-P (propargyl citronellate) showed the best 
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potency in tenns of larvicidal activity. For chronic dietary tests, changes in developmental 
parameters were recorded to determine the influence of monoterpenoid compounds on ECB 
growth and development including pupation rates, emergence rates, durations of larval and 
pupal periods, and pupal weights. Some larvae reared on the treated diet died at higher 
concentrations before undergoing pupation. In general, ECB growth and development was 
affected by monoterpenoid compounds: some compounds such as /-menthol, pulegone, 
MTEE-2S, and MTEE-P acted as ECB growth inhibitors. 
KEY WORDS Insecta, Ostrinia nubilalis, monoterpenoids, natural products, IGRs 
INTRODUCTION 
The European com borer (ECB), Ostrinia nubilalis (Hflbner), has been known as a 
serious pest of com, and other cultivated plants in the northern hemisphere, including Europe, 
Asia, and North America. Since the insect was introduced into the United States more than 
70 years ago, it has rapidly become one of the most important insect pests of com because of 
its ability to adapt to the new environment and to attack to a large number of plant hosts 
(Beck 1989, Hudon et al. 1989, Ellsworth and Bradley, Jr. 1992). From the early years of 
ECB research, chemical insecticides have played a major role in crop protection because of 
the high economic value of field com, popcorn, and sweet com for the fi'esh market 
(Thompson and White 1977, Grafius et al. 1990, Weissling et al. 1992, Hutchison 1993, 
Rinkleff et al. 1995). But with increased use of synthetic insecticides on com fields, several 
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potentially adverse effects can occur, such as water and soil contamination, insect resistance, 
and toxicity to nontarget species. Currently, integrated pest management is receiving 
increased attention as a means of ECB control (Lublinkhof et al. 1979, Whitford et al. 1987, 
Ding el cd. 1989), and researchers are also seeking alternatives to conventional insecticides. 
Research on insect growth regulators (IGRs) is one of those approaches, and some IGRs have 
been proved toxic against several Lepidopteran larvae (Chandler et al. 1992, Haynes and 
Smith 1993, Chandler 1994). 
Plant-derived compounds are well known to have various useful biological properties 
(Pillmoor et al. 1993) and more diversified modes of action on various target systems 
(Mikoliyczakef a/. 1984, Harbome 1989, Houseman ef a/. 1992). Monoterpenoids, plant 
secondary metabolites found in the essential oils of higher plants, are successful examples, and 
they are believed to aid plants as chemical defense against phytophagous organisms in nature. 
Many monoterpenoids can act as insect repellents, attractants, oviposition cues, and 
antifeedants as well as killing agents in numerous insects ( Brattsten 1983, Duke 1991). Karr 
and Coats (1992) reported the influence of some monoterpenoids on the growth and 
development of the German cockroach, Blattella germanica (L.) nymphs. Beninger et al. 
(1993) showed that the diterpene, 3-epicaryoptin, reduced growth and increased mortality of 
ECB larvae when incorporated into artificial diet, and they showed that pupal deformities and 
time to pupation also increased. Pulegone-containing diet (either 0.01 or 0.1%) retarded 
development and inhibited reproduction of last-instar southern armyworms, Spodoptera 
eridania (Cramer) (Gunderson et al. 1985), and menthol-reduced growth and inhibited 
pupation of the variegated cutworm, Peridroma sausta (Hubner) (Harwood et al. 1990). 
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Many studies have dealt with growth rate or development rate, monoterpenoids, and 
ECB separately, however, little information is available on the effects of monoterpenoids as 
growth regulators on ECB. The study reported here was conducted to reveal the influences 
of several monoterpenoids and their derivatives on survival of ECB larvae and on growth and 
development, detected by pupation rate, adult emergence rate, pupal weight, and duration of 
larval and pupal growth periods. We also observed the differences in results from two 
different application methods; the test compounds applied onto the surface of the diet and 
incorporated into the diet. 
MATERIALS AND METHODS 
Chemicals and Insects. Sixteen natural monoterpenoids showing the greatest insecticidal 
properties in our previous studies and the other chemical reagents used in this study were 
commercially available from Aldrich (Milwaukee, WI), Pfaltz and Bauer (Waterbury, CT), and 
Sigma (St. Louis, MO). Also, 20% (AI) pyrethrins (Pet Chemicals, Miami Springs, FL) and 
rotenone (Adrich, \Glwaukee, WI) were obtained and used as standards. All solvents and 
chemicals were of certified grade or over 9S% purity. They were used directly for bioassays 
to determine larvicidal activities and IGR effects, and some of them were used as starting 
materials for the derivatization of monoterpenoids with chemical reagents in this laboratory. 
Details on the derivatization and identification have been reported in the previous paper (Tsao 
et al. 199S). All monoterpenoids and their derivatives used in this study are listed in Fig. 1 
and 2, respectively. For this bioassay, ECB was chosen because of its economic importance 
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Fig. 1 Monoterpenoid structures 
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0-CH2-CFH2 
MTEE-25 MTEE-35 
O 
MTEE-76 MTEE-90 
MTEE-99 MTEE-P 
Fig. 2 Monoterpenoid derivative structures; MTEE-25, 2-fIuoroethyl thymyl 
ether; MTEE-35, geranyl 2-chloro-5-nitrocinnamic acid ester, MTEE-76, 
bomyl cinnamic acid ester; MTEE-90, 2,2,2-trifluoroethyI citronellic acid 
ester; MTEE-99, eugenyl cinnamic acid ester; MTEE-P, propargyl 
citronellate. 
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and convenience of rearing and supply. ECB egg masses were used for obtaining newly 
hatched larvae for this study. The egg masses, oviposited on sheets of waxed paper (20 by 60 
cm) during a 24-h period, were obtamed from laboratory colonies reared on an artificial diet 
described by previous researchers (Reed et al. 1972, Freedom et at. 1979) from the USDA-
ARS, Com Insects Research Unit at the Department of Entomology, Iowa State University, 
Ames, lA and placed in an open transparent plastic bag. The egg masses were maintained 
under incubation conditions of 25 ± 1 °C, 40 - 60% RH and a photoperiod of 14; 10 (L;D) h, 
and were observed daily until the proper hatching time when the black larval head capsule 
became clearly visible. Then the plastic bag was closed to prevent larvae from escaping, and 
the newly hatched larvae were ready for testing. Late second instar larvae were also obtained 
from the same laboratory for the test for comparison with the results from the experiment with 
newly hatched larvae. 
Bioassays and Statistical Analysis. Two different chemical application methods were 
conducted; dripping the solution onto the solidified artificial diet (on-diet test) and mixing the 
solution in the diet before it solidified (in-diet test). All ingredients of artificial diet for ECB 
larvae were supplied by the Com Insects Research Unit, Iowa State University. 
On-diet Test. After dispensing about 8 ml of prepared diet (~S8 °C) with a plastic squeeze 
bottle (200 ml) into clear plastic cups (1 oz. Creamer, Prod. No. 9051, AHolton Industries 
Co., Frenchtown, NJ) held on a cup tray (30 cups in a tray. Prod. No. 9040), the dietary 
preparations were allowed to harden at room temperature (25 ± 2 °C). The trays with cups 
were stacked and packaged in heavy plastic bags tagged with names and dates and stored at 
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4 °C undl they were used. Diets from the cold storage room were warmed to room 
temperature before use. 
Serial dilutions of each monoterpenoid and derivative were prepared by using certified 
acetone before treatment. The ^propriate amounts at a range of 0.2 ^g - 20 mg of 
compound in 200 ^1 of acetone solution were applied with an Eppendorf pipet to the surface 
of the diet (diameter, ~3 cm), and the cups were open for 1 h to allow the solvent to 
evaporate under ambient conditions. One neonate ECB larva was transferred onto the treated 
surface of each diet with a fine paint brush, and the cups were covered with lids lined with 
Saran*. One treatment group consisted of five cups, and each treatment group was replicated 
four or five times. Untreated diet and the same aliquot of acetone treated diet were also used 
for controls in this test. All prepared materials were kept at room temperature (25 ± 2 °C), 
and larvae were observed daily. Primarily, larval mortalities were assessed at 6 d after 
treatment by counting the dead ECB, and mortality was calibrated by using Abbott's formula 
(Abbott 1925) with control data. Larvicidal activities of monoterpenoids and derivatives 
against the first-instar ECB were expressed as LCso values (mg per cup) by using probit 
analysis (Fumey 1971, SAS 1991). In addition, growth of surviving larvae was measured and 
recorded daily up to adulthood for the following growth parameters: pupal weights, duration 
of the larval period until pupation, and duration of the pupal period until emergence. Number 
of pupae and adults, weight (g), and duration periods (d) were expressed as mean values ± 
standard error of mean and compared with controls. The data were compared and separated 
by using the least significant differences (LSD) at P = 0.05 (SAS Institute 1991). 
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In-diet Test. To determine any difierences between the two chemical application methods, 
the following test was designed. Monoterpenoids were mixed with the artificial diet before 
the diet solidified. Serial dilutions of chemical compounds were prepared as previously 
described with certified acetone before the test. The temperature of the artificial diet carried 
in a warm jar was maintained at ~S8 °C with running hot water for prevention of hardening. 
Keeping the optimum temperature is very important because higher temperatures can reduce 
the value of some ingredients such as vitamins and low temperatures can allow the medium to 
harden too quickly. Prepared chemical solutions were incorporated when the dietary 
preparations, in squeeze bottles, cooled down to ~40 °C; the mixtiu-es were then thoroughly 
blended. Maximum acetone volume allowed was up to 2.S ml in ISO ml of diet. Treatment 
concentrations ranged fi-om 0.001 - 10,000 ppm (by weight) in the diet mixtures. The treated 
diet mixtures were poured into plastic cups in a holder tray described earlier and were allowed 
to harden at room temperature. The cups were kept open for 6 h to allow the organic solvent 
to evaporate under ambient conditions, packed in a heavy plastic bag, and stored in a cold 
room at 4 °C until used (the next day). One neonate larva was placed individually on the 
center of each diet treated with a monoterpenoid at various concentrations; each cup was then 
covered with a lid lined with Saran'*. Five cups made one experimental unit and each unit, 
was replicated 6 times. Untreated and acetone-only treated diet were also used as controls, 
and a different set of solvent tests was run concurrently for determining the safety level of four 
solvents (acetone, methyl alcohol, ethyl alcohol, and ethyl acetate) on ECB larvae at different 
concentrations (0.05, 0.5, 2.5, and 5% in each medium). ECB larvae were kept at 25 ± 2 °C 
and were observed daily for the determination of larval growth, mortality, and the appearance 
114 
of pupae and adults. Each pupa was weighed, and the duration of larval period and pupal 
period were also recorded. Larval mortalities were assessed at six days after treatment, and 
data were adjusted by using Abbott's formula (Abbott 192S) with control data. Larvicidal 
activities of monoterpenoids against the ECB first instars reared on the artificial diet 
incorporated with these biological compounds were expressed by estimated LC50 values as 
described previously. In addition, an experiment with late second instars was conducted with 
the prepared diet mixed with compounds in comparison with the result from the test done 
with neonate ECB larvae. Data were collected and statistically analyzed in the same way, 
using LDSs and probit analysis. 
RESULTS 
Larvicidal Toxicity. Most monoterpenoids and their derivatives selected for this study 
showed some degree of larvicidal activity in both administrative routes; when they were 
applied on the solidified diet surface (on-diet test) and when they were incorporated into the 
diet (in-diet test). Generally, the larvicidal effects occurred mostly in the time period between 
3 d and 6 d after treatments, and the mortality data from daily observations were accumulated 
until the sixth day. The dead insect bodies were darkened and liquidified. Significant 
differences occurred among monoterpenoids and derivatives according to LCso values and 
95% CL. 
On-diet test. When the selected monoterpenoids and derivatives were applied on the surface 
of the solidified diet, larval mortality was determined first against the first instars at 6 d after 
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Table 1. Larvicidal toxicity (6-day mortality) of some selected monoterpenoids and 
derivatives applied on the diet against the 1st instar Ostrinia nubilalis 
Compound Doses n" Slope ±- SB LCso (95% CL)' (mg per cup) 
Monoterpenoids 
Carveol 6 199 - >20.0 ( - )* 
4-CarvomenthenoI 6 199 - >20.0 ( - ) 
/ -Carvone 6 199 -0.94 ±0.15 3.69 (2.55 - 5.56) 
Citronellal 6 199 -0.83 ±0.11 17.6 (6.96-63.7) 
Geraniol 6 199 -0.54 ±0.13 2.43 (1.62-3.80) 
Isopulegol 6 199 -1.78 ±0.19 10.5 (7.08 - 16.8) 
Limonene 6 199 - >20.0 ( - ) 
Linalool 6 199 - >20.0 ( - ) 
/ -Menthol 6 199 -0.55 ±0.13 2.35 (1.59-3.60) 
Perillaldehyde 6 199 -0.10 ±0.11 18.5 (8.20 - 56.6) 
Perillyl alcohol 5 179 - >2.00 ( - ) 
a-Pinene 6 199 - >20.0 ( - ) 
Pulegone 6 199 0.99 ±0.16 0.29 (0.20 - 0.40) 
a-Terpineol 6 199 - >20.0 ( - ) 
Thujone 6 199 -2.44 ± 0.30 5.40 (4.17-7.07) 
Thymol 6 199 -0.31 ±0.13 1.62 (1.10-2.46) 
Derivatives 
MTEE-25^ 5 179 0.57 ±0.16 0.27 (0.16-0.50) 
MTEE-35 5 179 - >2.00 ( - ) 
MTEE-76 5 179 0.72 ±0.16 0.18 (0.11-0.33) 
MTEE-90 6 199 -0.29 ±0.11 2.01 (1.18-3.69) 
MTEE-99 5 179 
- >2.00 ( - ) 
MTEE-P 6 199 3.01 ±0.30 0.05 (0.04 - 0.07) 
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Table 1. (continued) 
Standards 
Pyrethrins (20% AI) 6 199 104±N/A 
Rotenone 6 199 4.24 ±0.43 
0.0002 ( N/A ) 
0.03 (0.02-0.04) 
" Number of individual ECB larvae tested. 
'' LC50S are means of four replicates; LCso values were determined by probit analysis (SAS 
Institute 1991); concentrations are expressed in mg of compounds on the diet in cups; 95% 
Confidence Limit (CL): iarvicidal activity is considered significantly different when the 95% 
CL fail to overlap. 
" MTEE - monoterpenoid derivatives (see Fig. 2). 
Concentration adjusted for 20% (AI). 
* Unable to achieve 50% in laboratory tests. 
N/A - Data not available. 
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treatment, and it was moderately high. Results expressed in LC50 (mg per cup) calculated by 
probit analysis are compiled in Table 1. Within the group of 16 monoterpenoids tested, 
pulegone, a ketone type monocyclic monoterpenoid, was the most active (LCso, 0.29 mg per 
cup), followed by thymol (1.62 mg), a phenolic monocyclic monoterpenoid; /-menthol (2.35 
mg), an alcoholic monoi^clic monoterpenoid; and geraniol (2.43 mg), an alcoholic acyclic 
monoterpenoid. Carveol, 4-carvomenthenol, limonene, linalool, a-pinene, and a-terpineol 
were the least toxic. Monocyclic monoterpenoids were more effective on ECB larvae 
generally than acyclic and bicyclic monoterpenoids. The larvicidal toxicities of the 
monoterpenoid ether and ester derivatives (MTEEs) were enhanced significantly. Among the 
derivatives, MTEE-P (propargyl citronellate) was the most enhanced (LCso, O.OS mg). 
MTEE-P also showed much more enhanced activity compared to MTEE-90 (2,2,2-
trifluoroethyl citronellate), which has the same parent monoterpenoid. LCso value of MTEE-
25 (2-fluoroethyl thymyl ether, a fluorinated thymol derivative) was 0.27 mg, six times more 
active than its parent compound, thymol. For further dietary testing, some effective 
monoterpenoids, geraniol, /-menthol, and pulegone, were selected fi'om the above data shown 
in Table 1. 
In-diet test. The selected compounds were incorporated into the com borer diet before it 
hardened. A solvent safety test was also conducted because all ECB neonates were killed 
when too much acetone was incorporated in the diet as a solvent in a previous test. Table 2 
shows larval mortality produced by four organic solvents, commonly used in bioassays, when 
they were incorporated into the diet. Methyl alcohol was revealed to be the safest solvent to 
the 1st instar ECB for dietary bioassays, followed by acetone and ethyl alcohol, whereas ethyl 
Table 2. Larval mortality of four organic solvent incorporated into the diet against the 1st instar 
Ostrinia nubilalis 
Mortality ±SEM(%)'' 
Solvent DAT^ 5%" 2.5% 0.5% 0.05% Control 
Acetone 4 d 100 ± 0 a 80.0 ± 0 b 20.0 ± 11.6 c 6.70 ± 6.67 c 10.0 ± 6.32 c 
Ethyl alcohol 4d 100 ± 0 a 93.3 ±6.67 a 26.7 ± 6.67 b 13.3 ±6.67 be 10.0 ± 6.32 c 
Methyl alcohol 4d 73.3 ± 13.3 a 33.3 ± 6.67 b 20.0 ± 11.6 b 6.70 ± 6.67 b 10.0 ± 6.32 b 
Ethyl acetate 4d 100 ± 0 a l O O i O a  20.0 ± 11.6 b 13.3 ± 6.67 b 10.0 ± 6.32 b 
* All values are the means ± standard error of mean (SEM) of four replicates. Means \^thin a row 
followed by the same letter are not significantly different (LSD, P=0.05 [SAS Institute 1991]). 
'' DAT - days after treatment. 
Concentrations are expressed in % (g of compounds in 100 g of the diet in cups). 
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acetate was the most hannful in this study. Larval mortality occurred mostly within the first 4 
d in this solvent test, and surviving larvae were healthy and able to develop to the next stage. 
Larviddal toxidty of several selected monoterpenoids incorporated in the diet was 
determined against late second instars at 6 d after treatment. Results were expressed in LCjo 
(ppm, |ig of compound per g of diet) achieved by probit analysis (Table 3). Table 3 shows the 
larviddal toxidty of four selected monoterpenoids incorported in the diet against the late 
second instars. The most toxic monoterpenoid was/-menthol (LCso, 17.4 ppm), whereas 
pulegone was slightly less toxic (LCso, 26.3 ppm). The activities of both pulegone and /-
menthol were greater than the standard compound, rotenone (S2.3 ppm). 
Chronic Evaluation Tests. For the chronic evaluation tests, two different application 
methods were used: to apply compounds on the diet (on-diet test) and to incorporate 
compound in the diet (in-diet test), and larvae were subsequently reared on either treated diet 
from the first or the second instars until the larvae were dead or until pupation and/or 
emergence. We determined pupation rate, emergence rate, duration of larval time period, 
duration of pupal time period, and pupal weight to determine the influence of monoterpenoids 
and derivatives on growth and development of ECB larvae. Sixteen monoterpenoids and six 
derivatives were used for the first test (on-diet test) with the first instars (Table 4); two and 
three monoterpenoids were selected for the second test (in-diet test) with the first (Table 5) 
and the second instar larvae (Table 6), respectively. 
120 
Table 3. Larvicidal toxicity of some selected monoterpenoids incorporated into the 
diet against the 2nd instar Ostrinia nubilalis after six days 
Compound Doses n" Slope ±SE LC50 (ppm) (95% CL)* 
Geraniol 5 160 - > 10,000 ( - )* 
/-Menthol 5 160 -1.08 ±0.06 17.4 (14.4-20.8) 
Pulegone 5 160 -1.48 ±0.06 26.3 (22.5-30.6) 
Rotenone 5 160 -0.93 ±0.07 52.3 (45.3 -60.4) 
" Number of individual ECB larvae tested. 
LCjoS are means of four replicates; LC50 values were determined by probit analysis (S AS 
Institute 1991); concentrations are expressed in ppm (ng of compounds per g of diet); 95 
Confidence Limit (CL): larvicidal activity is considered significantly different when the 95% 
CL fail to overlap. 
* Unable to achieve 50% in laboratory tests. 
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Pupation rates. Table 4 shows the differences in pupation rates when the selected 
monoterpenoids were appUed on the diet compared with the control. Some larvae reared on 
the monoterpenoid-treated diet at higher concentrations were dead as larvae Oarvicidal 
toxicity). All larvae were dead with the 20-mg treatment of /-carvone, /-menthol, pulegone, 
thujone, thymol, MTEE-25, MTEE-90, and MTEE-P. Pulegone, MTEE-25, and MTEE-P 
killed all larvae even at the 2-mg treatment. Pupation rates (%) with certain concentrations of 
some monoterpenoids were reduced broadly (5 - 8S% compared with the control) (Table 4). 
/-Menthol showed 20 - 30% reduced pupation rates at all concentrations (0.2 |ig - 2 mg), and 
monoterpenoid derivatives MTEE-25, MTEE-99, and MTEE-P showed a much reduced 
pupation rate (20 - 70%) at most concentrations. Some monoterpenoids exhibited increased 
pupation rates (5 - 10% compared with the control). Pupation rates were increased in linalool 
and thujone treatments. They showed even 100% pupation rates at certain concentrations. 
Similar trends were obtained from the in-diet tests (Table S and 6). Some larvae reared on the 
treated diet in the in-diet test were also dead before undergoing pupation (larvicidal activity), 
and pulegone lolled all larvae at the higher concentrations, 10,000 or 1,000 ppm. Pulegone 
reduced the pupation rate slightly in the in-diet test with the first instars (Table 5), and the 
reductions were bigger (38 - 48%) with the second mstars (Table 6). /-Menthol also reduced 
the pupation rates (23 - 63%). 
Emergence Rate. In general, emergence rates were lower than pupation rates, even in 
controls (Table 4, 5, and 6). In other words, the number of aduhs emerging from the pupae 
was afifected slightly either by natural mortality or any treatment and the reductions varied 
from 10 to 45% relative to the number of pupae for treated ECB larvae. The differences 
Table 4. EfTects of selected monoterpenoids and derivatives applied on the diet on development or Ostrinia nuhilaiis, 
beginning with neonate flrst-instar larvae^ 
Compound n" Development 20 mg*" 2 m g  0.2 mg 0.02 mg 2 ^ 8  0.2 Mg Control (Blank) 
Carveol 199 %Pupation 
%Emergence 
35.0 ± 9.57 c 75.0 ± 5.00 b 95.0 ±5.00 a 85.0 ±9.57 a 85.0 ± 9.57 a 100 ± 9.57 a 90.0 ±10.0 a 
10.0 ± 5.77 c 50.0 ± 10.00 b 75.0 ±5.00 ab 70.0 ± 19.1 ab 80.0±14.1a 90.0±5.77a 85.0 ±5.00 a 
Utval period (d) 30.3 ±2.62 a 25.7 ± 1.45 a 25.8 ± 1.28 a 25.6 ±1.49 a 24.3 ±1.00 a 24.5 ±0.77 a 26.3 ±0.75 a 
Pupal wt (mg) 73.6 ±3.63 a 82.9 ±0.50 a 80.2 ±3.26 a 76.1 ±3.49 a 85.2 ±4.83 a 82.1 ±4.20 a 82.1 ±2.37 a 
4-CarvomentlienoI 199 %Pupa(ion 
%Eniergence 
60.0 ± 11.5b 75.0 ±9.57 ab 80.0 ±8.16 a 95.0 ±5.00 a 85.0 ±9.57 a 95.0 ±5.00 a 90.0 ±10.0 a 
40.0 ±8.17 b 60.0 ± 8.17 ab 70.0 ± 12.9 a 70.0 ± 12.9 a 65.0 ± 15.0 ab 80.0 ±8.17 a 85.0 ±5.00 a 
Larval period (d) 26.4 ±1.22 a 28.4 ±1.30 a 25.8 ±1.03 a 27.6±1.21a 24.7 ±0.89 a 24.5 ±0.95 a 26.3 ±0.75 a 
Pupal wt (ing) 70.7 ± 4.04 b 95.8 ±5.09 a 83.3 ± 4.50 b 78.5 ± 4,08 ab 87.4 ±3.14 a 92.9 ±3.56 a 82.1 ± 2.37 ab 
/-Carvone 199 %Pupation 
%Eniergence 
Larval period (d) 
Pupal wt (mg) 
0±0c 75.0±5.00b 75.0±9.57b 90.0±10.0a 90.0±5.77a 95.0±5.00a 90.0±10.0a 
0 ± 0 d 55.0 ± 5.00 c 70.0 ± 12.9 b 75.0 ± 12.6 b 90.0 ± 5.77 a 85.0 ± 5.00 a 85.0 ± 5.00 a 
27.5 ±1.40 a 24.7 ±0.67 a 27.1 ±1.02 a 24.3 ±0.64 a 23.3 ±0.53 a 26.3 ±0.75 a 
83.3 ±6.56 a 81.8 ±3.51 a 81.2 ±4.61 a 76.8 ± 5.19 ab 65.5 ± 5.35 b 82.1 ±2.37 a 
Citroncllal 199 %Pupation 
%Emergence 
15.0 ± 5,00 c 80.0 ±8.16 a 90.0 ±5.77 a 80.0 ±8.16 a 85.0 ± 15.0 a 70.0 ± 12.9 b 90.0 ± 10.0 a 
15.0 ± 5.00 c 70.0 ± 5.77 ab 65.0 ± 12.6 ab 65.0 ± 15.0 ab 75.0 ± 12.6 a 55.0 ± 17.1b 85.0 ±5.00 a 
Larval period (d) 26.0± 1.17a 26.4±0.85a 24.4±0.70a 25.0±0.91a 24.9±0.77a 23.1 ±0.91 a 26.3±0.75a 
Pupal wt(mg) 77.0 ±7.85 a 68.5 ± 3.58 ab 64.0 ± 5.54 b 59,9 ± 4.30 b 63.3 ± 5,43 b 56.6 ± 6.66 b 82.1 ±2.37 a 
Table 4. (continued) 
Gcraniol 
Isopulegol 
Limonene 
Linalool 
/-Menthol 
199 VoPupation 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
199 %Pupation 
%Emcrgence 
5.00 ± 5.00 c 60.0 ± 11.5 b 85.0 ±5.00 a 85.0 ±9.57 a 90.0 ± 10.0 a 90.0 ±5.77 a 90.0 ± 10.0 a 
0±0c 50.0± 12.9b 65.0±5.00b 60.0± 11.5b 80.0±8.16a 45.0± 15.0b 85.0±5.00a 
29.0±0a 27.9 ±1.35 a 23.7±0.76 a 25.8± 1.09 a 24.4±0.80 a 25.8± 1.17 a 26.3 ±0.75 a 
37.0±0c 73.5±6.87ab 61.0±4.75b 70.5±6.38ab 67.4±4.64ab 58.4±5.04b 82.1 ±2.37a 
15.0 ± 5.00 b 80.0 ±8.16 a 85.0 ±9.57 a 95.0 ±5.00 a 85.0 ±5.00 a 80.0 ±8.16 a 90.0 ±10.0 a 
0±0b 75.0±5.00a 70.0±5.77 a 80.0±8.16 a 70.0±5.77 a 70.0±17.3 a 85.0±5.00 a 
Larval period (d) 30.3 ±1.36 a 24.7 ± 0.57 b 24.7 ± 0.99 b 24.5 ± 0.86 b 23.2 ± 0.54 b 23.9 ± 0.83 b 26.3 ± 0.75 b 
Pupal vt (mg) 
199 %Pupation 
%Einergencc 
95.3 ±1.39 a 69.6 ± 4.7 b 57.2 ± 7.18 b 64.1 ± 5.71b 57.1 ± 5.34 b 62.9 ± 5.02 b 82.1 ±2.37 a 
75.0 ± 9.57 b 90.0 ± 10.0 a 85.0 ± 15.0 ab 90.0 ±5.77 a 95.0 ±5.00 a 90.0 ±10.0 a 90.0 ±10.0 a 
55.0 ± 5.00 b 65.0 ± 12.6 b 85.0 ± 15.0 a 70.0 ± 12.9 b 90.0 ±5.77 a 80.0 ±8.16 a 85.0 ±5.00 a 
Larval period (d) 26.1 ± 1.28 a 27.5 ±1.03 a 23.2 ±0.63 a 27.5 ±1.49 a 25.0 ±0.74 a 25.1 ±1.09 a 26.3 ±0.75 a 
Pupal wl (rag) 76.5 ±6.66 a 87.4 ±4.24 a 84.3 ±4.29 a 84.6 ±6.68 a 79.2 ±3.79 a 69.3 ±4.18 a 82.1 ±2.37 a 
199 %PupaUon 
%Emergence 
55.0 ± 15.0 c 85.0 ± 5.00 b 85.0 ± 9.57 b 95.0 ± 5.00 a 100 ± 0 a 95.0 ± 5.00 a 90.0 ± 10.0 a 
45.0 ± 18.9 c 60.0±8.l6bc 75.0 ±9.51 a 85.0 ±9.51 a 75.0 ±9.51 a 80.0±11.5a 85.0 ±5.00 a 
Laivalperiod(d) 27.9± 1.13a 24.2±0.69a 26.0±0.93a 24.8±0.87a 23.6±0.57a 23.9±0.78a 26.3±0.75a 
Pupal wt(mg) 78.1 ±6.00 a 67.9 ±5.00 ab 68.6 ±4.59 ab 68.9 ±3.88 ab 60.2 ± 4.70 b 57.9 ± 5.46 b 82.1 ±2.37 a 
199 %PupaUoa 
%Enicrgcnce 
G±Oc 70.0±5.77b 65.0± 17.1b 60.0±g.l6b 65.0± 15.0b 65.0± 15.0b 90.0± 10.0a 
0±0c 40.0± 14.1b 45.0± 15.0b 55.0±9.5lb 55.0± 15.0b 50.0± 12.9b 85.0±5.00a 
Table 4. (continued) 
Perillaldehydc 
Pcrillyl alcohol 
a-Pinene 
Pulcgonc 
Larval period (d) 0 i: 0 b 
Pupal wt (mg) 0 ± 0 b 
31.5± 1.26a 28.9±1.70a 26.2±1.15a 27.3±1.78a 26.5± 1.12a 26.3±0.75a 
76.2 ±4.57 a 83.4 ±6.32 a 84.6 ±4.56 a 74.9 ±4.96 a 77.8 ±5.13 a 82.1 ±2.37 a 
199 %Pupation 
%Emergence 
35.0 ± 5.00 b 75.0 ±5.00 a 85.0 ±15.0 a 90.0 ±5.77 a 85.0 ±9.57 a 80.0 ±8.16 a 90.0 ±10.0 a 
30.0 ± 5.77 c 70.0 ± 5.77 b 75.0 ± 12.6 b 70.0 ± 5.77 b 75.0 ± 9.51b 65.0 ± 5.00 b 85.0 ±5.00 a 
Larval period (d) 24.7 ±0.83 a 27.7 ±1.12 a 25.8 ±0.91 a 27.7 ±1.75 a 25.4 ±0.79 a 23.4 ±0.75 a 26.3 ±0.75 a 
Pupal wt(mg) 94.0 ±6.58 a 81.7 ± 6.17 b 84.1 ± 5.73 b 86.9 ± 4.62 b 79.8 ± 4.54 b 74.6 ± 4.30 b 82.1 ± 2.37 b 
179 %Pupation 
%Emergence 
Laival period (d) 
Pupal wt (mg) 
75.0 ± 9.57 b 95.0 ±5.00 a 85.0 ±5.00 a 90.0 ±5.77 a 90.0 ±5.77 a 90.0 ±10.0 a 
70.0± 12.9ab 75.0±9.5lab 65.0± 12.6b 70.0± 10.0b 85.0±9.51 a 85.0±5.00a 
27.8 ±1.45 a 26.4 ±1.40 a 26.8 ±1.30 a 25.2 ± 1.08 a 23.8 ±0.98 a 26.3 ±0.75 a 
88.3 ±4.75 a 83.2 ±4.89 a 77.0 ±5.46 a 78.6 ±3.02 a 91.2 ±4.55 a 82.1 ±2.37 a 
199 %Pupalion 
%Einergence 
60.0 ± 14.1b 90.0 ± 10.0 a 90.0 ±5.77 a 85.0 ± 15.0 a 65.0 ± 17.1b 75.0±5.00ab 90.0 ± 10.0 a 
40.0 ± 11.5 c 65.0 ± 5.00 b 70.0 ± 10.0 b 70.0 ± 19.1b 40.0 ± 18.3 c 60.0 ± 8.16 b 85.0 ±5.00 a 
Urval period (d) 26.3 ±1.10 a 24.2 ±0.78 a 25.7 ±0.75 a 24.1 ±0.74 a 23.5 ±0.77 a 23.9 ±0.87 a 26.3 ±0.75 a 
Pupal wt(mg) 81.3 ±7.22 a 73.2 ± 4.20 ab 83.6 ±2.95 a 75.5 ± 5.02 ab 61.1 ± 6.49 b 73.5 ±6.61 ab 82.1 ±2.37 a 
199 %Pupation 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
0±0b 0±0b 80.0±14.1a 85.0±5.00a 95.0±5.00a 85.0±5.00a 90.0± 10.0a 
0±0b 0±0b 65.0±17.1a 70.0± 12.9a 80.0±20.0a 75.0±9.51a 85.0±5.00a 
25.9± 1.15a 22.1±0.52a 23.4± 1.03a 21.8±0.49a 26.3±0.75a 
9I.l±5.45a 84.2±4.44b 82.5±4.14b 79.2±4.20b 82.1±2.37b 
Table 4. (continued) 
a-Tetpineol 
Thujone 
Thymol 
MTEE-25' 
199 '/oPupation 35.0 ± 5.00 c 6S.0± 17.1b 95.0 ±5.00 a 80.0 ±8.16 a 80.0 ±8.16 a 85.0 ±9.57 a 90.0 ±10.0 a 
•/oEmergencc 5.00 ± 5.00 b 65.0±17.1a 75.0 ±9.57 a 70.0 ±10.0 a 65.0 ±9.57 a 75.0 ±5.00 a 85.0 ±5.00 a 
Urvalperiod(d) 3l.3±I.67a 24.0±0.65b 24.3±0.81b 24.3± 1.08b 24.8± 1.28b 23.2±0.82b 26.3±0.75b 
Pupalwt(mg) 66.7±6.35b 93.3±4.56a 81.7±4.82a 86.3±3.60a 91.1±4.70a 82.4±3.81a 82.1±2.37a 
199 %Pupatlon 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
199 %Pupation 
%Einergence 
Larval period (d) 
Pupal wt (mg) 
179 %Pupation 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
0 ± 0 c  7 3 . 3 ±  1 3 . 3 b  1 0 0 ± 0 a  8 0 . 0 ± 2 0 . 2 b  1 0 0 ± 0 a  1 0 0 ± 0 a  9 0 . 0 ±  1 0 . 0 a  
0 ± 0 c  6 6 . 7 ±  1 7 . 9 b  8 6 . 7  ± 6 . 9 3  a  6 6 . 7  ±  1 7 . 9 b  9 3 . 3  ± 6 . 9 3  a  8 0 . 0 ± 1 1 . 5  a  8 5 . 0 ± 5 . 0 0 a  
25.4±0.81a 24.6±0.95a 25.3± 1.06a 24.8± 1.14a 23.4±0.93a 26.3±0.75a 
76.3 ±4.25 a 75.4 ±5.02 a 67.8 ± 6,81 ab 76.0 ±3.87 a 56.2 ± 4.06 b 82.1 ±2.37 a 
0 ± 0 c  5 0 . 0 ± 5 . 7 7 b  8 5 . 0 ± 9 . 5 7 a  8 5 . 0 ± 9 . 5 7 a  7 5 . 0 ± 9 . 5 7 a b  9 0 . 0 ± 5 . 7 7 a  9 0 . 0 ± 1 0 . 0 a  
0 ± 0 c  4 5 . 0 ± 5 . 0 0 b  6 5 . 0 ±  1 7 . 1  b  5 0 . 0 ± 5 . 7 7 b  6 0 . 0 ±  1 4 . 1 b  9 0 . 0 ± 5 . 7 7 a  8 5 . 0 ± 5 . 0 0 a  
27.0 ±2.14 a 29.2 ±1.52 a 28.8 ± 1.74 a 28.5 ±1.57 a 24.8±1.13a 26.3 ±0.75 a 
85.2 ±4.43 a 88.4 ±4.41 a 84.9 ±6.21 a 79.2 ±3.40 a 87.2 ±3.21 a 82.1 ±2.37 a 
0 ± 0 c  3 5 . 0 ± 9 . 5 7 b  5 5 . 0 ± 2 0 . 6 b  5 5 . 0 ± 2 2 . 2 b  6 0 . 0 ± 8 . 1 6 b  9 0 . 0 ± 1 0 . 0 a  
0 ± 0 c  2 0 , 0 ± 8 . 1 6 b  2 5 . 0 ±  1 8 . 9 b  2 5 . 0 ±  1 5 . 0 b  2 5 . 0 ±  1 5 . 0 b  8 5 . 0 ± 5 . 0 0 a  
28.6 ±1.83 a 29.9 ±1.72 a 27.9 ±1.45 a 24.2 ±1.02 a 26.3 ±0.75 a 
64.3 ± 6.88 b 60.6 ± 5.06 b 71.4 ± 5.25 b 54.7 ± 5.60 b 82.1 ±2.37 a 
MTEE-35 179 %Pupation 
%Emergence 
70.0 ± 10.0 b 75.0 ± 9.57 b 85.0 ±9.57 a 75.0 ± 5.00 b 85.0 ±5.00 a 90.0 ± 10.0 a 
55.0 ± 20.6 b 55.0 ± 17.1b 55.0 ± 22.2 b 65.0 ± 17.1 b 80.0 ±8.16 a 85.0 ±5.00 a 
Table 4. (continued) 
MTEE-76 
MTEE-90 
MTEE-99 
MTEE-P 
Larval period (d) 
Pupal wt (mg) 
179 %Pupation 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
199 %Pupation 0±0d 
%Einergence 0 i: 0 c 
Larval period (d) 
Pupal wt (mg) 
179 %Pupation 
%Emergence 
Larval period (d) 
Pupal wt (mg) 
199 %Pupation 0± Od 
%Emergencc 0 ± 0 d 
Larval period (d) 
Pupal wt (mg) 
27.7±1.48a 29.0±l.lia 27.6±l.27a 24.1±0.83a 25.5±l.08a 26.3±0.75a 
83.7±5.67a 83.3±5.1 la 78.0±3.13a 82.6±3.87a 85.7±4.66a 82.1 ±2.37a 
15.0 ± 5.00 c 35.0 ± 5.00 c 70.0 ± 5.77 b 90.0 ±5.77 a 85.0 ±9.57 a 90.0 ±10.0 a 
15.0 ± 5.00 b 30.0 ± 5.77 b 60.0±l4.1a 75.0 ± 12.6 a 65.0 ± 12.6 a 85.0 ±5.00 a 
32.3 ±2.18 a 26.9 ± 2.20 b 24.9 ± 0.84 b 25.9 ± 1.07 b 25.4 ± 1.15 b 26.3 ± 0.75 b 
76.7±2.89b 89.7±ll.la 83.8±3.53a 82.5±3.49a 75.9±3.84b 82.1±2,37a 
70.0 ±10,0 be 75.0 ± 5.00 b 80.0 ± 8.16 b 75.0 ± 9.57 b 65.0 ± 23.6 c 90.0 ±10.0 a 
60.0 ±8.16 b 65.0 ± 9.57 b 85.0 ±5.00 a 65.0 ± 5.00 b 55.0 ± 5.00 b 85.0 ±5.00 a 
28.4 ±1.57 a 23.8 ±0.99 a 26.3 ±1.13 a 24.7 ±1.32 a 26.2 ± 1.39 a 26.3 ±0.75 a 
79.4 ±4.76 a 86.0 ±5.03 a 89.6 ±4.08 a 86.3 ±5.86 a 74.9 ±5.82 a 82.1 ±2.37 a 
55.0 ± 9.57 b 50.0 ± 12.9 b 25.0 ± 5.00 b 45.0 ± 17.1 b 30.0 ± 12.9 b 90.0 ±10.0 a 
40.0 ± 8.16 b 45.0 ± 15.0 b 25.0 ± 5.00 b 35.0 ± 12.6 b 20.0 ± 8.16 b 85.0 ±5.00 a 
26.0 ±1.66 a 26.2 ±1.26 a 24.8 ±0.73 a 25.9 ±1.17 a 25.9 ±1.53 a 26.3 ±0.75 a 
78.4 ± 6.09 b 79.5 ± 4.81b 91.0 ±0.01 a 77.7 ± 6.53 b 78.7±0.0Ib 82.1± 2.37 b 
0 ± 0 d  2 0 . 0 ± 8 . 1 6  c  7 0 . 0 ±  5 . 7 7 b  7 0 . 0 ±  5 . 7 7  b  9 5 . 0 ± 5 . 0 0 a  9 0 . 0 ± 1 0 . 0  a  
0 ± 0 d  2 0 . 0 ± 8 . 1 6 c  6 0 . 0 ± 8 . 1 6 b  5 0 . 0 ± 5 . 7 7 b  8 0 . 0 ± 8 . 1 6 a  8 5 . 0 ± 5 . 0 0 a  
25.3 ±0.75 a 27.1 ±1.26 a 26.1 ±1.39 a 24.3 ±0.85 a 26.3 ±0.75 a 
82.8 ±7.55 a 87.4 ±3.18 a 78.4 ± 5.64 a 82.9 ±3.95 a 82.1 ±2.37 a 
Table 4. (continued) 
Pyrelhrins'' 199 %Pupation 0 ± 0 c  O d b O c  0 ± 0 c  0 ± 0 c  0 ± 0 c  60.0 ±8.16 b 90.0 ± 10.0 a 
%Emergence 0 ± 0 c  0 ± 0 c  0 ± 0 c  0 ± 0 c  0 ± 0 c  30.0 ± 10.0 b 85.0 ±5.00 a 
Larval period (d) - - - - - 29.3 ± 2.32 a 26.3 ± 0.75 a 
Pupal wt (mg) 
-
-
-
- -
64.9 ± 6.00 b 82.1 ±2.37 a 
Rotciione 199 %Pupation 0 ± 0 c  0 ± 0 c  0 ± 0 c  20.0 ±8.16 b 70.0 ± 12.9 a 85.0 ±9.57 a 90.0 ± 10.0 a 
%Emergcnce 0 ± 0 c  0 ± 0 c  0 ± 0 c  15.0 dk 9.57 b 40.0 ± 14.1 b 70.0 ± 12.9 a 85.0 ±5.00 a 
Larval period (d) - - - 33.8 ±2.36 a 29.4 ± 1.39 a 26.1 ± 1.32 a 26.3 ± 0.75 a 
Pupal wt (mg) 
- -
-
76.5 ±6.05 a 71.1 ± 5.40 ab 66.5 ± 5.48 b 82.1 ±2.37 a 
^ All values are the means i: standard error of mean (SEM) of replicates. Means within a row followed by the same letter are not 
significantly different (LSD, P = 0.05 [SAS Institute 1991]). 
" Number of individual ECB larvae tested. 
^ Concentrations are expressed in mg or |ig of compounds on the diet in cups. 
" MTEE - Monoterpenoid derivatives (see Fig.2). 
Concentration adjusted for 20% (AI), 
Table 5. EfTects of selected monoterpenoids incorporated into the diet on development of Ostrinia nuhilalis, beginning 
with neonate first-instar larvae^ 
Compound n" Development 1,000 100 10 1 0.1 0.01 ppm' 
Control 1 
(Blank) 
Control 2 
(Acetone) 
/- Menthol 240 %Pupation 90.0 ±6.83 a 90.0 ± 4.47 a 93.3 ± 4.22 a 93.3 ±4.22 a %.7 ± 3.39 a %.7 ± 3.39 a 90.0 ±4.47 a 90.0 ±4.47 a 
%Emergence 53.3 ± 6.67 a 53.3 ±6.67 a 63.3 ± 12.0 a 63.3 ±6.15 a 60.0 ±7.3 la 66.7 ±9.89 a 56.7 ±8.03 a 56.7 ±9.85 a 
Larval period (d) 30.0 ± 0.47 a 29.4 ± 0.25 a 29.4 ± 0.45 a 29.5 ±0.43 a 29.5 ± 0.32 a 28.5 ± 0.51a 28.5 ±0.36 a 27.6 ±0.30 a 
Pupal period (d) 12.0 ±0.68 a 10.1 ±0.30 a 11.2 ±0.48 a 11.3 ±0.28 a 10.7 ± 0.29 a 10.6 ±0.27 a 10.7 ±0.30 a 10.4 ±0.23 a 
Pupal wt (mg) 76 ± 3.8 a 76 ±3.1 a 77 ±3.9 a 76 ± 3.6 a 76 ± 4.3 a 82 ±3.2 a 75 ±4.9 a 70 ± 4.3 a 
Pulegone 240 %Pupation 0 ± 0 d  56.7 ± 9.55 c 73.3 ± 8.44 be86.7 ± 6.67 ab86.7 ± 4.22 ab 93.3 ± 6.83 a 90.0 ± 4.47 ab90.0 ± 4.47 ab 
%Emergence 0 ± 0 c  33.3 ± 8.44 b 46.7 ± 8.44 ab 70.0 ±11.3 a 66.7 ± 8.44 a 56.7 ± 8.03 ab56.7 ± 8.03 ab56.7 ± 9.85 ab 
Larval period (d) 
-
29.9 ± 0.44 a 29.8 ± 0.99 a 29.8 ±0.53 a 29.2 ± 0.38 a 29.8 ±0.55 a 28.5 ±0.36 a 27.6 ±0.30 a 
Pupal period (d) - 11.5 ± 1.46 a 11.3 ±0.65 a 10.3 ±0.27 a l l . I ± 0 . 3 3 a  10.8 ±0.47 a 10.7 ±0.30 a 10.4 ±0.23 a 
Pupal wt (mg) - 63 ± 3.2 b 74 ± 4.7 a 76 ±3.7 a 74 ± 4.2 a 69 ±3.6 a 75 ±4.9 a 70 ± 4.3 a 
Rotenone 240 %Pupalion 0 ± 0 c  0 ± 0 c  0 ± 0 c  26.7 ± 6.67 b 90.0 ± 4.47 a 96.7 ± 3.39 a 90.0 ± 4.47 a 90.0 ± 4.47 a 
%Einergence 0 ± 0 c  0 ± 0 c  0 ± Q c  6.70 ± 4.22 c 40.7 ± 11.2 b 73.3 ±8.44 a 56.7 ± 8.03 ab 56.7 ± 9.85 ab 
Larval period (d) 
- -
- 44.0 ± 1.70 a 32.4 ± 0.57 b 29.4 ± 0.35 b 28.5 ± 0.36 b 27.6 ± 0.30 b 
Pupal period (d) 
- - -
14.0 ±0 a 12.2 ±0.80 a 10.5 ± 0.25 b 10.7 ± 0.30 b 10.4 ± 0.23 b 
Pupal wt (mg) - - - 59 ± 6.4 b 75 ± 4.2 a 69 ±3.0 a 75 ± 4.9 a 70 ±4.3 a 
^ All values are the means ± standard error of mean (SEM) of six replicates. Means within a row followed by the same letter are 
not significantly different (LSD, P = 0.05 [SAS Institute 1991]). 
" Number of individual ECB larvae tested. 
'' Concentrations are expressed in ppm (|ig of compounds per g of diet). 
Table 6. EfTccts of selected monoterpenoids incorporated into the diet on development of Ostrinia nubilalis, beginning 
with late second-instar larvae^ 
Compound n" Development 10,000 1,000 100 10 1 ppm Control 1 Control 2 (Blank) (Acetone) 
Geraniol 160%Pupalion 50.0 ± 12.9 b 75.0 ± 12.6 ab 95.0 ±5.00 a 90.0 ±5.80 a 60.0 ± 8.20 b 93.3 ±5.17 a 93.3 ±5.17 a 
•/oEmcrgence 10.0 ± 5.78 b 40.0 ± 8.17 ab 45.0 ± 5.00 ab 50.0 ±23.8 a 35.0 ± 9,58 ab 53.3 ±10.33 a 53.3 ±10.33 a 
Urvalperiod(d) 26.9± 1.40a 16.1±0.50bc 18.1±0.46b 16.7±0.48bc 19.1±0.66b 14.9±0.35c 15.2±0.48c 
12.6±0.50a 11.3±O.S5a ll.3±0.51a ll.3±0.3la n.3±0.49a 
9 3 ± 4 . 6 a  8 3 ± 3 . 3 b  9 6 ± 4 . 0 a  8 7 ± 2 . 3 b  8 2 ± 4 . 2 b  
Pupal period (d) 9.50 ± 5.50 a 11.6 ± 0.33 a 
Pupal wt (mg) 73 ± 4.5 c 85 ± 4.9 b 
/-Menthol 160 %Pupation 0±0c 
%Emcrgence 0 ± 0 c 
Larval period (d) -
Pupal period (d) 
Pupal wt (mg) 
Pulegone 160 %Pupation 0 ± 0 c 
%Emergence 0 ± 0 c 
Larval period (d) 
Pupal period (d) 
Pupal wt (ing) 
30.0 ± 5.78 b 30.0 ± 10.0 b 40.0 ±8.17 b 70.0 ±17.3 a 93.3 ±5.17 a 93.3 ±5.17 a 
20.0±11.6bc 20.0±8.17bc 15.0±9.58bc 45.0±15.0ab 53.3± 10.33a 53.3± 10.33a 
22.3 ± 3.02 b 24.2 ± 2.75 b 29.1 ±2.55 a 19.43 ± 1.00 b 14.9 ± 0.35 c 15.2 ± 0.48 c 
11.0± 1.08a 11.5± 1.66a I3.0± 1.00a ll.l± 1.10a 11.3±0.31a ll.3±0.49a 
9 3 ± 5 . 8 a  7 6 ± 4 . 0 b  6 9 ± 6 . 5 b  8 6 ± 3 . 7 a  8 7 ± 2 . 3 a  8 2 ± 4 . 2 a  
0 ± 0 c  6 5 . 0 ±  5 . 0 0 b  6 5 . 0 ±  9 . 5 8 b  5 5 . 0 ±  1 5 . 0 b  9 3 . 3  ± 5 . 1 7  a  9 3 . 3  ± 5 . 1 7  a  
0 ± 0 c  3 5 . 0 ± 5 . 0 0 b  2 5 . 0 ±  9 . 5 8 b  3 0 . 0 ± 5 . 7 8 b  5 3 . 3  ±  1 0 . 3 3  a  5 3 . 3  ±  1 0 . 3 3  a  
21.9 ± 1.49 b 19.8 ± 0.82 b 28.3 ±1.43 a 14.9 ± 0.35 c 15.2 ± 0.48 c 
12.3 ± 1.02 a 12.6 ±0.40 a 11.7 ±0.49 a 11.3 ±0.31 a 11.3 ±0.49 a 
81 ±4.6 a 85 ±5.3 a 58 ± 3.5 b 87 ±2.3 a 82 ±4.2 a 
Table 6. (continued) 
Rotenone 160 %Pupation 0 ± 0 c  O d b O c  0 ± 0 c  65.0 ± 9.58 b 70.0 ± 12.9 b 93.3 ±5.17 a 93.3 ±5.17 a 
%Emergence 0 ± 0 c  0 ± 0 c  0 ± 0 c  30.0 ± 5.78 b 55.0 ± 15.0 a 53.3 ± 10.33 a 53.3 ± 10.33 a 
Larval period (d) - - - 28.4 ± 1.72 a 18.6 ± 0.75 b 14.9 ± 0.35 c 15.2 ± 0.48 c 
Pupal period (d) - - - 11.0±0.95a 12.2 ±0.42 a 11.3 ±0.31 a 11.3 ±0.49 a 
(hipal wt (mg) 
- - -
6 7  ±  4 . 1 b  92 ± 5.9 a 87 ± 2.3 a 82 ± 4.2 a 
^ All values are the means ± standard error of mean (SEM) of six replicates. Means within a row followed by the same letter are no 
significantly different (LSD, P = 0.05 [SAS Institute 1991]). 
" Number of individual ECB larvae tested. 
'' Concentrations are expressed in ppm (mg of compounds per g of diet). 
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between pupation rates and emergence rates in the controls were S.OO, 43.7, and 40.0% 
observed in the on-diet test (reared from the first instars), the in-diet test (reared from the first 
instars), and the in-diet test (reared from the second instars), respectively. MTEE-25 showed 
a significant reduction (30 - 35%) relative to the pupation rates in the on-diet test in contrast 
with the result of control (5% reduction). 
Larval and Pupal Period. Durations of larval period, time to pupation, were not influenced 
significantly by monoterpenoidal compounds studied in the on-diet and the in-diet (first instar) 
assays (Table 4 and 5); however, the durations of the larval period of ECB reared from the 
second instar stage in the in-diet test were affected by treatments. Geraniol, /-menthol, and 
pulegone showed significantly longer larval periods, which ranged from 16.1- 26.9 d, 19.4 -
29.1 d, and 19.8 - 28.3 d, respectively, in comparison with the duration of the control larval 
period (1S.2 ± 0.48 d) (Table 6). Durations of the pupal period were not influenced 
significantly by any treatment. 
Pupal Weight. Pupal weights were influenced by monoterpenoid compound treatments, and 
most pupal weights were reduced, with some exceptions. In the on-diet test, citronellal, 
geraniol, isopulegol, linalool, thujone, and MTEE-2S were the monoterpenoid compounds 
that reduced pupal weight, whereas 4-carvomenthenol increased pupal weights slightly (Table 
4). 
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DISCUSSION AND CONCLUSIONS 
Although many natural monoterpenoids have been studied by researchers and been 
shown to cause a variety of effects in insects (Karr and Coats 1988, Bauske et at. 1994, Rice 
and Coats 1994 a & b), their spectrum of activity and modes of action as regulators of insect 
growth and development are poorly understood. The current study was done to broaden our 
understanding of the potential for monoterpenoids as insecticides acting via the ingestion 
route of exposure. Laboratory dietary bioassays conducted showed that sixteen 
monoterpenoids and six derivatives had various biological effects against the European com 
borer. 
Natural monoterpenoids showed larvicidal activities against ECB from moderate to 
high degrees, and some derivatives demonstrated enhanced larvicidal activity compared with 
the parent monoterpenoid. Among the monoterpenoids and derivatives tested, pulegone and 
MTEE-P (propargyl citronellate) were the most active compounds. Monocyclic 
monoterpenoids were generally more effective than acyclic and bicyclic monoterpenoids in the 
dietary bioassays. Rice and Coats (1994 a) from their previous report observed a similar trend 
with regard to larvicidal activity of monoterpenoids against the southern com rootworm, 
Diabrotica undecimpunctata howardi (Herbst) in a soil bioassay. Several derivatives 
produced, including trifluoroacetates of cyclic monoterpenoids had a similar trend in 
displaying an enhanced activity relative to their parent compound (Rice and Coats 1994 b). 
This illustrated that structural modification, especially functional groups, can influence 
insecticidal effectiveness. They suggested, moreover, that the structural characteristics of 
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monoterpenoids such as shape, saturation, and functional group could influence their 
insecticidal properties. The on-diet tests and the in-diet tests both showed similar tendencies, 
although the compounds were administered in two different ways and could not be directly 
compared. The comparison of first- and second-instar larvae for the in-diet experiments 
revealed the first-instar larvae to be more susceptible to rotenone than the second-instar larvae 
were, whereas an opposite trend was evident for /-menthol, i.e., the older larvae (second 
instar) were more susceptible than the neonates, by approximately one order of magnitude. 
Pulegone toxicity was similar in both experiments, i.e., the two stages of ECB showed 
approximately equal susceptibility (Table S and 6). The example of /-menthol was particularly 
striking in that the late-second-instar larvae were affected in a detrimental way at dietary 
concentrations as low as 10 ppm, whereas neonates were unaffected at 1,000 ppm. The older 
larvae may have had difficulty adapting to the /-menthol-treated diet, as reflected in survival 
and length of the larvae development period. In both developmental toxicity tests, beginning 
with either first- or second-instar larvae, rotenone was more effective than the 
monoterpenoids for increasing mortality or the length of the larval and pupal development 
periods or decreasing the percentage pupation and emergence. 
During these experiments, we observed that some larvae on the diet spiked with 
monoterpenoid compounds were traveling around the lids or walls far firom the diet, and there 
J 
was no feeding evident by these larvae. Death often occurred for those larvae before molting 
to the next instar. This indicated that some monoterpenoid compounds may have antifeedant 
or repellent effects; consequently, some larvae might be dead by starvation as well as the 
contact toxicity. Further study will be required to figure out the major reasons for larval 
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mortality in comparison with the correlation of antifeedant activity or repellency. Although 
these larvicidal toxicity data suggest that some monotepenoids had some degree of inseaicidal 
activity and some of the ^thetic derivatives showed enhanced activity, these monoterpenoids 
are less effective than pyrethrins and rotenone, the two natural insecticides used as standards. 
The chronic evaluation study was undertaken to investigate the growth regulation 
effects of monoterpenoid compounds through counting number of pupae, number of adults, 
durations of larval and pupal periods, and pupal weight. Some monoterpenoid compounds 
influenced those parameters indicating an effect in growth and development of ECB. 
Pupation rates were affected by /-menthol (20 - 30%) at all concentrations tested, and some 
derivatives (MTEE-2S, -99, -P) showed significantly more reduction in pupation rates (20 -
70% compared to controls). Pulegone also reduced pupation rate to some degree. 
Emergence rates were relatively lower than the number of pupae on ECB reared on the 
untreated artificial diet. MTEE-2S influenced emergence rates significantly with a reduction 
(25 - 30%, compared to control = 0% reduction). Durations of pupal period were not 
significantly affected by any treatment, whereas geraniol, /-menthol, and pulegone delayed 
larval periods of the 2nd ECB instars in the in-diet test. For most monoterpenoid compound 
treatments, pupal weight reductions were observed at some concentrations. 
Harwood et al. (1990) demonstrated that Peridroma saucia (Hubner) larvae fed 
menthol, menthone, and pulegone for 6 d were deteriously affected in growth, feeding, and 
pupation. Pulegone is known as an effective defensive monoterpenoid because of its 
antifeedant activity, as well as effects on insect development and reproduction (Gunderson et 
al. 1985). </-Limonene, Imalool, P-myrcene, and a-terpineol significantly reduced the days 
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required for development through the nymphal stages in the German cockroach, Blattella 
germanica (L.) fed treated diet, and especially, </-limonene administration significantly 
shortened the time required to reach the adult (Karr and Coats 1992). Two monoterpenoids 
have also been shown to reduce the development time for Aedes aegypti mosquito larvae 
(Tsao el al. 199S). Binder et cd. (1995) reported that structural modification at a single 
terminal functional group in the plant sesquiterpenoids, fiunesene, nerolidol, and &mesol, 
affected the ovipositional behavior of ECB females. Beninger et al. (1993) reported in an 
artificial diet study that diterpenes, from another terpenoid group, also showed the potential to 
protect crops from ECB; as an example, 3-epicaryoptin increased mortality and reduced 
growth of ECB. 
In summary, larvicidal and groAvth regulation activity could be beneficial as possible 
control agents for the European com borer. Some natural monoterpenoids showed larvicidal 
activity and effects on growth or development rates in the current study, and derivatization 
created some compounds (2-fluoroethyl thymyl ether and propargyl citronellate) with 
enhanced biological activity against ECB; however, they are not as potent as many 
commercial insecticides. Further research is needed to synthesize more enhanced derivatives 
and to elucidate the mechanisms of regulation on insect growth and development induced by 
monoterpenoids. We hope this study will contribute toward the consideration of 
monoterpenoids for natural means of insect control and toward understanding the modes of 
biological action of the monoterpenoids. 
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GENERAL CONCLUSIONS 
Natural products derived from higher plants have been known to have a wide range of 
useful biological properties, and some of them are expected to be able to solve some of the 
problems we face from the use of synthetic pesticides. In this study, I emphasized 
monoterpenoids because of their structural diversities and their reputations for safety and 
pesticidal properties. Although many monoterpenoids derived from plants have been known 
as potential sources of new insecticides and as leads for new pesticide chemistries, few of 
them have been exploited for insecticidal uses against a broad range of target pests. This 
research was done to reveal a better understanding of the insecticidal use of naturally 
occurring monoterpenoids and to evaluate derivatives for enhanced biological and 
physicochemical properties. For these purposes, I included a broad range of monoterpenoids 
(alcohols, phenols, ketones, aldehydes, acids, ethers, hydrocarbons grouped with acyclic, 
monocyclic, and bicyclic types; acyl and ether derivatives of monoterpenoid alcohols and 
phenols). A wide spectrum of important pest species (Acari, Blattaria, Coleoptera, Diptera, 
Lepidoptera, and Nematoda) were tested, including com insect pests, horticultural pests, 
public health insects, and stored-grain insects) with various bioassay techniques (topical 
application, laboratory soil bioassay, fumigation bioassay, respiration bioassay, leaf-dip 
method, greenhouse pot test, field trial test, and dietaiy exposure method) and different 
parameters (acute contact and larvicidal activity, fumigation toxicity, temperature efifect, eSect 
on insect growth regulation, respiration, and phytotoxicity). 
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The toxicity of the tested monoterpenoid compounds to several important insects and 
a mite indicates that monoterpenoids have a wide spectrum of insecticidal activities and that 
their potency varies considerably. Monoterpenoid derivatives reflect some degree of 
insecticidal toxicity, and some of them show significantly enhanced insecticidal properties in 
toxicity and other biological aspects. The results fi'om monoterpenoid derivatization indicate 
that the structural characteristics of compounds may influence biological activities and 
species-specfic susceptibilities. Derivatization may play a significant role in the general 
approach to QSAR study. We calculated partition coeflScients (expressed by Clog-P values) 
of monoterpenoids and derivatives, and they were significantly correlated with insecticidal 
activity data. 
Our data showed that the biological activity of monoterpenoid compounds was less 
than that of conventional insecticides, and they may not be potent enough to be used in situ\ 
however, several monoterepnoids can be considered as alternatives to conventional 
insecticides for a more natural means of insect pest control under conditions that allow high-
concentration uses of safe chemicals, because of their mammalian safety and biodegradability, 
and various derivatizations may be able to produce considerable advantages in biological 
activities and physicochemical properties, as well as safety. Further study is needed to fully 
elucidate the mechanisms of action of the toxicity or the influence in chemical ecology induced 
by monoterpenoid compounds. 
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APPENDED L QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIPS 
(QSAR) WITH CALCULATED PARTITION COEFFICIENTS (CLOG-P) FOR 
MONOTERPENOm STRUCTURES WITH INSECTICIDAL ACTIVITIES 
Sangl^un Lee\ Pamela Rice^ Rong Tsao^, and Joel R. Coats^ 
ABSTRACT Quantitative stnicture-activity relationships (QSAR) were derived for 
insecticidal activities with monoterpenoids and their derivatives. Partition coefBcients 
(expressed by Clog-P, a hydrophobic parameter from the chemical structures) of 
monoterpenoid compounds were calculated using by the ClogP program and were correlated 
with the insecticidal activity data sets from various bioassays with different insect species. 
Hydrophobicity is involved in predicting the insecticidal toxicity of insecticides, as well as the 
penetration and partitioning of chemicals in insects; it is demonstrated to be an important 
factor in monoterpenoid compounds that exhibit insecticidal activity. 
Keywords partition coefiBcient, Clog-P, structure-activity relationships, monoterpenoid, 
insecticidal toxicity 
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INTRODUCTION 
Close relationships between the chemical structure of a compound and its toxicological 
properties exist, and the importance of phyncochemical parameters in the modem ^proach to 
quantitative structure-activity relationships (QSAR) has been well known to predict the 
toxicological aspects. Among many physicochemical parameters, hydrophobicity, electronic 
parameters such as the Hammett sigma (a) value, steric parameters such as the Taft Es or 
molar refractivity (A^), and reduction potential have been used in pharmacology and 
toxicology to predict biological activities (Chignell 1983, Coats et al. 1989, Coats 1990). For 
the QSAR study, it is important to calculate hydrophobicity (lipophilicity) since the manner in 
which a bioactive solute partitions between polar and nonpolar phases has been found to be 
essential in predicting the transport and activity of any chemicals (Leo 1993). Actually a large 
number of hydrophobicity parameters have been used in biological activity prediction, 
including partition coefiBcients, chromatographic coefficients, molecular refractivity, and 
parachor (Chignell 1983). A hydrophobic parameter from a chemical structure may be 
defined basically by the octanol/water partitioning system, and the ClogP program for 
calculating log PoctAnier from chemical structure has become a standard method. More recent 
methods include different mathematical techniques. 
The objective of this current study was to evaluate the structure-activity relationships 
between a hydrophobicity index and the insecticidal toxicities of monoterpenoid compounds 
by using the ClogP software. 
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Table 1. Calculated partition coefficient (Clog P) values of monoterpenoids 
and derivatives 
Code Monoterpenoids & derivatives ClogP 
1 Bomeol 2.58 
2 Carvacrol 3.40 
3 Carveol 2.27 
4 4-Carvomenthenol 2.75 
5 rf-Carvone 2.01 
6 /-Carvone 2.01 
7 Chlorothymol 4.41 
8 Cineole 2.76 
9 Citral 2.95 
10 Citronellal 3.26 
11 Citronellic acid 4.89 
12 Citronellol 3.25 
13 Eugenol 2.40 
14 Fenchone 2.18 
15 Geraniol 2.77 
16 10-Hydroxygeraniol 0.78 
17 Isopulegol 2.75 
18 Limonene 4.35 
19 Linalool 2.55 
20 Menthol 3.23 
21 Menthone 2.83 
22 3-Myrcene 4.33 
23 Perillyl alcohol 2.63 
24 Perillaldehyde 2.46 
25 a-Pinene 4.18 
26 3-Pinene 4.18 
27 Pulegone 2.50 
28 a-Terpinene 4.41 
29 P-Terpinene 4.35 
30 Y-Terpinene 4.35 
31 a-Terpineol 2.63 
32 Thujone 2.03 
33 Thymol 3.40 
34 Verbenol 2.09 
35 Verbenone 1.84 
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Table 1. (continued) 
MTEE-1 Carvacryl trifluoroacetate 3.98 
MTEE-2 Carvacryl pentafluoropropionate 6.12 
MTEE-3 Carvaciyl heptafluorobutyrate 5.91 
MTEE-4 Thymyi trifluoroacatate 3.98 
MTEE-5 Thymyl pentafluoropropionate 6.12 
MTEE-6 Thymyi heptafluorobutyrate 5.91 
MTEE-7 Menthyl trifluoroacetate 4.74 
MTEE-8 Menthyl pentafluoropropionate 6.88 
MTEE-9 Menthyl heptafluorobutyrate 6.67 
MTEE-10 Geranyl trifluoroacetate 4.27 
MTEE-11 Geranyl pentafluoropropionate 6.42 
MTEE-ll Geranyl heptafluorobutyrate 6.20 
MTEE-13 Carvyl trifluoroacetate 3.77 
MTEE-14 Carvyl pentafluoropropionate 5.91 
MTEE-15 Carvyl heptafluorobutyrate 5.70 
MTEE-16 Carvacryl allyl ether 4.56 
MTEE-17 Carvacryl ethyl ether 4.52 
MTEE-18 Carvacryl 2-fluoroethyl ether 4.24 
MTEE-19 Carvacryl 2-difluoroethvl ether 4.56 
MTEE-20 Carvacryl 2-trifluoroethyl ether 5.28 
MTEE-21 Carvacryl 2-propyl ether 4.82 
MTEE-22 Carvacryl perfluoro-2-propyl ether 7.70 
MTEE-23 Thymyi allyl ether 4.56 
MTEE-24 Thymyi ethyl ether 4.52 
MTEE-25 Thymyi 2-fluoroethyl ether 4.24 
MTEE-26 Thymyi 2-difluoroethyl ether 4.56 
MTEE-27 Thymyi 2-trifluoroethyl ether 5.28 
MTEE-28 Thymyi 2-propyl ether 4.82 
MTEE-29 Thymyi perfluoro-2-propyl ether 7.70 
MTEE-30 Geranyl cinnamate 6.00 
MTEE-31 Geranyl 3-(trifluoromethyl) cinnamate 6.88 
MTEE-32 Geranyl 4-nitrocinnamate 5.74 
MTEE-33 Geranyl bromocinnamate 6.86 
MrEE.34 Geranyl 2,4-difluorocinnamate 6.28 
MTEE-35 Geranyl 2-chloro-5-nitrocinnamate 6.45 
MTEE-36 Geranyl 4-chloro-3-nitrocinnamate 6.25 
MTEE-37 Diacetyl 10-hydroxygeraniol 2.67 
MTEE-38 Difluoroacetyl 10-hydroxygeraniol 3.79 
MTEE-39 Dipentafluoropropionyl 10-hydroxygeraniol 8.36 
MTEE-40 l-(2-Nitropropyl)citronellyl trifluoroacetate 4.95 
MTEE-41 l-(2-Nitropropyl)citronellyl pentafluoropropionate 7.09 
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Table 1. (continued) 
MTEE-42 l-(2-NitropropyI)citroneUyi hepafluorobutyrae 6.88 
MTEE-43 l-(2-Nitropropyl)citronelIyl chlorodifluoroacetate 5.39 
MTEE-44 l-(2-Nitropropyl)citroneUyl cinnamate 6.50 
MTEE-45 a-Nitromethylcuminyl trifluoroacetate 3.37 
MTEE-46 a-Nitromethylcuminylpentafluoropropionate 5.52 
MTEE-47 a-Nitromethylcuminyl heptafluorobutyrate 5.30 
MTEE-48 a-Nitromethylcuminyl chlorodifluoroacetate 3.81 
MTEE-49 a-Nitromethylcuminyl cinnamate 4.92 
MTEE-50 3-TrifIuoromethyl benzyl methyl cinnamic acid ami 4.20 
MTEE-51 Chrysanthemyl m -phenoxybenzyl ether 7.52 
MTEE-52 Chrysanthemyl perillyl ether 6.44 
MTEE-53 Chrysanthemyl geranyl ether 6.85 
MTEE-54 Chrysanthemyl carvyl ether 6.34 
MTEE-55 Citronellyl carvyl ether 6.86 
MTEE-56 Geranyl m -phenoxybenzyl ether 7.55 
MTEE-57 Eugenyl citronellic ester 5.59 
MTEE-58 a-Nitromethyl perillyl trifluoroacetate 3.35 
MTEE-59 l-(NitromethyI) citronellyl trifluoroacetate 3.75 
MTEE-60 Carvacryl citronellic ester 6.90 
MTEE-61 Thymyl citronellic ester 6.90 
MTEE-62 Menthyl citronellic ester 7.67 
MTEE-63 Geranyl citronellic ester 7.20 
MTEE-64 a-Terpinyl citronellic ester 7.06 
MTEE-65 m -Phenoxybenzyl cinnamate 6.33 
MTEE-66 Chrysanthemyl cinnamate 5.97 
MTEE-67 Carvacryl cinnamate 6.11 
MTEE-68 Carvacryl 4-fluorocinnamate 6.25 
MTEE-69 Chrysanthemyl 4-nitrocinnamate 5.85 
MTEE-70 Menthyl cinnamate 6.46 
MTEE-71 Verbenyl cinnamate 6.13 
MrEE-72 a-Terpinyl cinnamate 5.86 
MTEE-73 Bomyl trifluoroacetate 4.08 
MTEE-74 Bomyl pentafluoropropionate 6.23 
MTEE-75 Bomyl heptafluorobutyrate 6.01 
MTEE-76 Bomyl cinnamate 5.81 
MTEE-77 Bomyl citronellate 7.01 
MTEE-78 Bomyl citronellyl ether 7.17 
MTEE-79 Bomyl geranyl ether 6.69 
MTEE-80 
MTEE-81 Isopropyl citronellic ester 4.51 
MTEE-82 2-Trifluoromethylisopropyl citronellic ester 5.67 
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Table 1. (continued) 
MTEE-83 
MTEE-84 Carvacryi propargyi ether 4.09 
MTEE-85 Thymyl propargyi ether 4.09 
Menthyi propargyi ether 3.91 
MTEE-87 2-TrifIuoromethylisopropyl cinnamic acid ester 4.46 
MTEE-88 Isopropyl cinnamic acid ester 3.30 
MTEE-89 2,2,2-Trifluoroethyl cinnamic acid ester 3.75 
MTEE-90 2,2,2-Trifluoroethyl citronellic ester 4.96 
MTEE-91 Bomyl pivalate 4.76 
MTEE-92 Eugenyl pivalate 3.34 
MTEE-93 Neopentyl thymyl ether 5.84 
MTEE-94 Carvacryi neopentyl ether 5.84 
MTEE-95 Eugenyl neopentyl ether 4.53 
MTEE-96 Neopentenyl citronellic ester 5.53 
MTEE-97 Neopentyl cinnamic acid ester 4.32 
MTEE-98 Thymyl cinnamic acid ester 6.24 
MTEE-99 Eugenyl cinnamic acid ester 5.16 
MTEE-100 Citronellyl cinnamic acid ester 6.48 
MTEE-101 Carvyl cinnamic acid ester 5.49 
MTEE-102 Carvyl citronellic ester 6.70 
MTEE-103 Citronellyl citronellic ester 7.69 
MTEE-104 Verbenyl citronellic ester 6.53 
MTEE-105 Chrysanthemyl citronellic ester 7.17 
MTEE-106 /M-Phenoxybenzyl citronellic ester 7.55 
MTEE-107 Linalyl citronellic ester 6.98 
MTEE-108 4-Terpinyl citronellic ester 7.18 
MTEE-109 Perillyl citronellic ester 6.80 
MTEE-110 Perillyl cinnamic acid ester 5.59 
MTEE-111 Linalyl cinnamic acid ester 5.78 
MTEE-112 4-Terpinyl cinnamic acid ester 5.98 
MTEE-113 Ethynyl verbenol 2.68 
lb Geranyl acetate 3.72 
Ic Geranyl propionate 4.24 
Id Geranyl pivalate 4.95 
Ig Geranyl chloroacetate 3.83 
Ih Geranyl dichloroacetate 4.89 
li Geranyl trichloroacetate 5.59 
Ij Geranyl chlorodifluoroacetate 4.71 
Ik Geranyl trifluoroacetate 4.27 
2b Linalyl acetate 3.50 
2c Linalyl propionate 4.02 
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Table 1. (continued) 
2d Linalyl pivalate 4.73 
2g Linalyl chloroacetate 3.61 
2h Linalyl dichloroacetate 4.67 
2i Linalyl trichloroacetate 5.37 
2k Linalyl trifluoroacetate 4.05 
3b Menthyl acetate 4.18 
3d Menthyl pivalate 5.42 
3h Menthyl dichloroacetate 5.36 
3i Menthyl trichloroacetate 6.06 
3k Menthyl trifluoroacetate 4.74 
4b 4-Carvonienthyl acetate 4.22 
4d 4-Carvomenthyl pivalate 4.93 
4h 4-Carvomenthyl dichloroacetate 4.87 
4i 4-CarvomenthyI trichloroacetate 5.57 
4k 4-Carvomenthyl trifluoroacetate 4.25 
5b Carvyl acetate 3.21 
5c Carvyl propionate 3.74 
5d Carvyl pivalate 4.45 
5f Carvyl chloropropionate 3.80 
5g Carvyl chloropivalate 4.51 
5i Carvyl trichloroacetate 5.09 
6b Carvacryl acetate 3.42 
6c Carvacryl propionate 3.95 
6d Carvacryl pivalate 4.65 
6h Carvacryl dichloroacetate 4.59 
6i Carvacryl trichloroacetate 5.30 
6k Carvacryl trifluoroacetate 3.98 
7b Thymyl acetate 3.42 
7c Thymyl propionate 3.95 
7d Thymyl pivalate 4.65 
7f Thymyl chloropivalate 4.72 
7h Thymyl dichloroacetate 4.59 
7i Thymyl trichloroacetate 5.30 
7j Thymyl chlorodifluoroacetate 4.42 
8b Verbenyl acetate 3.04 
8d Verbenyl pivalate 4.28 
8k Verbenyl trifluoroacetate 3.60 
ISl 
Table 2. Lipophilicity (Clog-P) for monoterpenoids with topical LDso 
values on the house fly (Uc i99C) 
Monoterpenoid ClogP LDso (HB per fly) 
Borneo! 2.58 500 
Carvacrol 3.40 92 
Carved 2.27 157 
4-Carvomenthenol 2.75 152 
«/-Carvone 2.01 143 
/-Carvone 2.01 102 
Chlorothymol 4.41 41 
Cineole 2.76 281 
Citral 2.95 54 
Citronellal 3.26 66 
Citronellic acid 4.89 32 
Citronellol 3.25 64 
Eugenol 2.40 77 
Fenchone 2.18 222 
Geraniol 2.77 73 
10-HydroxygeranioI 0.78 
Isopulegol 2.75 91 
Limonene 4.35 68 
Linalool 2.55 116 
Menthol 3.23 147 
Menthone 2.83 98 
P-Myrcene 4.33 167 
Perillyl alcohol 2.63 72 
Perillaldehyde 2.46 43 
a-Pinene 4.18 112 
P-Pinene 4.18 
Pulegone 2.50 39 
a-Terpinene 4.41 117 
P-Terpinene 4.35 
y-Terpinene 4.35 214 
a-Terpineol 2.63 173 
Thujone 2.03 62 
Thymol 3.40 29 
Verbenol 2.09 202 
Verbenone 1.84 247 
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Table 3. LipophOicity for monoterpenoids with topical LDm values 
on the house fly (rim 1994) 
Monoterpenoid ClogP LDso (HB per fly) 
Bomeol 2.58 
Carveol 2.27 282 
4-Carvomenthenol 2.75 110 
Chlorothymol 4.41 
Citronellol 3.25 
Geraniol 2.77 103 
10-Hydroxygeraniol 0.78 
Isopulegol 2.75 
Linalool 2.55 189 
Menthol 3.23 193 
Perillyl alcohol 2.63 
a-Terpineol 2.63 199 
Verbenol 2.09 229 
Carvacrol 3.40 63 
Eugenol 2.40 
Thymol 3.40 33 
d -Carvone 2.01 157 
/ -Carvone 2.01 173 
/-Fenchone 2.18 295 
Menthone 2.83 148 
Pulegone 2.5 78 
Thujone 2.03 198 
Verbenone 1.84 176 
Limonene (R) 4.35 
Limonene (S) 4.35 
Myrcene 4.33 
a-Pinene 4.18 
a-Terpinene 4.41 
y-Terpinene 4.35 
Citral 2.95 61 
Citronellal 3.26 60 
Perillaldehyde 2.46 115 
Citronellic acid 4.89 43 
1,8-Cmeole 2.76 
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Fig. 2 QSAR with monoterpenoids and topical LDso values on the house fly (Rke i994) 
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Table 4. QSAR with monoterpenoids and topical LDso values on the 
western com rootwonn 
Monoterpenoid ClogP LDso (UK per insect) 
Bomeoi 2.58 
Carveol 2.27 90 
4-Carvomenthenol 2.75 
Chlorothymol 4.41 
Citronellol 3.25 15 
Geraniol 2.77 112 
10-Hydroxygeraniol 0.78 
Isopulegoi 2.75 47 
Linalool 2.55 108 
Menthol 3.23 
Perillyl alcohol 2.63 11 
a-TerpineoI 2.63 112 
Verbenol 2.09 41 
Carvacrol 3.40 
Eugenol 2.40 12 
Thymol 3.40 
d -Carvone 2.01 90 
I -Carvone 2.01 224 
/-Fenchone 2.18 79 
Menthone 2.83 
Pulegone 2.5 38 
Thujone 2.03 12 
Verbenone 1.84 
Limonene (R) 4.35 224 
Limonene (S) 4.35 88 
Myrcene 4.33 500 
a-Pinene 4.18 445 
a-Terpinene 4.41 500 
y-Terpinene 4.35 500 
Citral 2.95 
Citronellal 3.26 
Perillaldehyde 2.46 32 
Citronellic acid 4.89 11 
1,8-Cineole 2.76 224 
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Fig. 3 QSAR with monoterpenoids and topical LD50 values on the western corn rootworm 
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Table 5. QSAR with selected monoterpenoids and leaf-dip LCso 
values on the two>spotted spider mite 
Monoterpenoid ClogP LCsoCppm) 
4-Carvomenthenol 2.75 59 
Citronellol 3.25 548 
Geraniol 2.77 235 
Perillyl alcohol 2.63 614 
Terpinen-4-ol 96 
Carvacrol 3.4 629 
Eugenol 2.4 219 
Thymol 3.4 555 
Carvone 2.01 273 
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Table 6. QSAR with selected monoterpenoids and soil-bioassay LCso 
values on the western com rootwonn 
Monoterpenoid Clog? LCso(ppm) 
Bomeol 2.58 30 
Carveol 2.27 10 
4-Carvomenthenol 2.75 259 
Citronellol 3.25 21 
Geraniol 2.77 43 
10-Hydroxygeraniol 0.78 1000 
Isopulegol 2.75 74 
Linalool 2.55 241 
/ -Menthol 3.23 70 
Perillyl alcohol 2.63 77 
a-TerpineoI 2.63 95 
Terpinen-4-ol 66 
Verbenol 2.09 89 
Carvacrol 3.4 42 
Eugenol 2.4 87 
Thymol 3.4 20 
c/-Carvone 2.01 72 
/-Carvone 2.01 56 
/-Fenchone 2.18 37 
Menthone 2.83 312 
Pulegone 2.5 63 
Thujone 2.03 146 
Verbenone 1.84 131 
Citral 2.95 42 
Citronellal 3.26 146 
Perillaldehyde 2.46 3 
Citronellic acid 4.89 1000 
1,8-Cineole 2.76 1000 
Limonene (R) 4.35 1000 
Limonene (S) 4.35 1000 
Myrcene 4.33 684 
a-Pinene 4.18 1000 
a-Terpinene 4.35 1000 
Y-Terpinene 4.35 1000 
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Table 7. QSAR with monoterpenoid derivatives and soil-bioassay 
LCm values on the western com rootworm 
Monoterpenoid ClogP LC50 (ppm) 
CaA'acrol 3.4 171 
MTEE-1 3.89 44.8 
MTEE-16 4.56 200 
MTEE-17 4.52 107 
MTEE-21 4.82 445 
Thymol 3.4 31.9 
MTEE.5 6.12 96.8 
MTEE-6 5.91 111 
MTEE.24 4.52 235 
MTEE-18 4.24 31.9 
Geraniol 2.77 84.7 
MTEE-11 6.42 314 
MTEE-12 6.2 1035 
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Table 8. QSAR with monoterpenoids and fumigation LCsa values on 
the house fly (Rice 1994) 
Monoterpenoid ClogP LCso (Hgpcrcm^) 
Borneo] 2.58 
Carveol 2.27 1122 
4-Carvomenthenol 2.75 9.1 
Chlorothymol 4.41 
Citronellol 3.25 
Geraniol 2.77 1780 
10-Hydroxygeraniol 0.78 
Isopulegol 2.75 
Linalool 2.55 6.8 
Menthol 3.23 3.6 
PeriUyl alcohol 2.63 
a-Terpineol 2.63 74.5 
Verbenol 2.09 6.3 
Carvacrol 3.40 27.4 
Eugenol 2.40 
Thymol 3.40 142 
d-Carvone 2.01 19 
/ -Carvone 2.01 19.2 
/-Fenchone 2.18 3.8 
Menthone 2.83 13.7 
Pulegone 2.5 9.2 
Thujone 2.03 11.9 
Verbenone 1.84 7.7 
Limonene (R) 4.35 
Limonene (S) 4.35 
Myrcene 4.33 
a-Pinene 4.18 
a-Terpinene 4.41 
y-Terpinene 4.35 
Citral 2.95 13 
Citronellal 3.26 2 
Perillaldehyde 2.46 12.1 
Citronellic acid 4.89 1850 
1,8-Cineole 2.76 
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Table 9. QSAR with monoterpenoids and fumigation LC50 values on 
the red flour beetle (Rice 1994) 
Monoterpenoid ClogP LCjo (^lg per ci 
Bomeol 2.58 
Carveol 2.27 
4-Carvomenthenol 2.75 665 
Chlorothymol 4.41 
Citronellol 3.25 
Geraniol 2.77 889 
10-Hydroxygeraniol 0.78 
Isopulegol 2.75 
Linalool 2.55 1730 
Menthol 3.23 1780 
Perillyl alcohol 2.63 
a-Terpineol 2.63 
Verbenol 2.09 1956 
Carvacrol 3.40 1950 
Eugenol 2.40 
Thymol 3.40 925 
d-Carvone 2.01 
/ -Carvone 2.01 
/-Fenchone 2.18 14.2 
Menthone 2.83 100 
Pulegone 2.5 8.4 
Thujone 2.03 
Verbenone 1.84 17.3 
Limonene (R) 4.35 
Limonene (S) 4.35 
Myrcene 4.33 
a-Pinene 4.18 
a-Terpinene 4.41 
y-Terpinene 4.35 
Citral 2.95 1780 
Citronellal 3.26 840 
Perillaldehyde 2.46 965 
Citronellic acid 4.89 
1,8-Cineole 2.76 
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Table 10. QSAR with monoterpenoid derivatives and topical 
LDsg values on the house fly (rim 1994) 
Monoterpenoid ClogP LD50 Cugperfly) 
Geraniol 2.77 130 
Geranyl acetate 3.72 55 
Geranyl propionate 4.24 309 
Geranyl pivalate 4.95 93 
Geranyl chloroacetate 3.83 39 
Geranyl dichloroacetate 4.89 258 
Geranyl trichloroacetate 5.59 135 
Geranyl chlorodifluoroacetate 4.71 600 
Geranyl trifluoroacetate 4.27 500 
Linalool 2.55 189 
Linalyl acetate 3.5 245 
Linalyl propionate 4.02 1000 
Linalyl pivalate 4.73 
Linalyl chloroacetate 3.61 
Linalyl dichloroacetate 4.67 
Linalyl trichloroacetate 5.37 333 
Linalyl trifluoroacetate 4.05 663 
Menthol 3.23 193 
Menthyl acetate 4.18 147 
Menthyl pivalate 5.42 85 
Menthyl dichloroacetate 5.36 
Menthyl trichloroacetate 6.06 
Menthyl trifluoroacetate 4.74 
4-Carvomenthenol 2.75 110 
4-Carvomenthyl acetate 4.22 500 
4-Carvomenthyl pivalate 4.93 39 
4-Carvomenthyl dichloroacetate 4.87 
4-CarvomenthyI trichloroacetate 5.57 
4-Carvomenthyl trifluoroacetate 4.25 
Carveol 2.27 282 
Carvyl acetate 3.21 111 
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Table 10. (continued) 
Carvyl propionate 3.74 206 
Carvyl pivalate 4.45 88 
Carvyl chloropropionate 3.8 346 
Carvyl chloropivalate 4.51 261 
Carvyl trichloroacetate 5.09 700 
Carvacrol 3.4 63 
Carvaciyl acetate 3.42 107 
Carvacryl propionate 3.95 134 
Carvacryl pivalate 4.65 
Carvacryl dichloroacetate 4.59 101 
Carvacryl trichloroacetate 5.3 139 
Carvacryl trifluoroacetate 3.98 114 
Thymol 3.4 33 
Thymyl acetate 3.42 94 
Thymyl propionate 3.95 101 
Thymyl pivalate 4.65 80 
Thymyl chloropivalate 4.72 300 
Thymyl dichloroacetate 4.59 119 
Thymyl trichloroacetate 5.3 184 
Thymyl chlorodifluoroacetate 4.42 236 
Verbenol 2.09 229 
Verbenyl acetate 3.04 117 
Verbenyl pivalate 4.28 213 
Verbenyl trifluoroacetate 3.6 600 
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Table 11. QSAR with monoterpenoid derivatives and fumigation 
LCso values on the house fly (rim 1994) 
Monoterpenoid ClogP LC50 (Hgpcrcm^) 
Geranioi 2.77 1780 
Geranyl acetate 3.72 91 
Geranyl propionate 4.24 
Geranyl pivalate 4.95 52 
Geranyl chloroacetate 3.83 91 
Geranyl dichloroacetate 4.89 
Geranyl trichloroacetate 5.59 13 
Geranyl chlorodifluoroacetate 4.71 42 
Geranyl trifluoroacetate 4.27 11 
Linalool 2.55 6.8 
Linalyl acetate 3.5 4.8 
Linalyl propionate 4.02 66 
Linalyl pivalate 4.73 10 
Linalyl chloroacetate 3.61 
Linalyl dichloroacetate 4.67 37 
Linalyl trichloroacetate 5.37 209 
Linalyl trifluoroacetate 4.05 50 
Menthol 3.23 3.6 
Menthyl acetate 4.18 43 
Menthyl pivalate 5.42 56 
Menthyl dichloroacetate 5.36 58 
Menthyl trichloroacetate 6.06 108 
Menthyl trifluoroacetate 4.74 35 
4-CarvomenthenoI 2.75 9.1 
4-Carvomenthyl acetate 4.22 96 
4-Carvomenthyl pivalate 4.93 34 
4-Carvonienthyl dichloroacetate 4.87 35 
4-Carvomenthyl trichloroacetate 5.57 112 
4-Carvomenthyl trifluoroacetate 4.25 98 
Carveol 2.27 
Carvyl acetate 3.21 
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Table 11. (continued) 
Carvyl propionate 3.74 
Carvyl pivalate 4.45 
Carvyl chloropropionate 3.8 
Carvyl chloropivalate 4.51 
Carvyl trichloroacetate 5.09 
Carvacrol 3.4 27 
Carvacryl acetate 3.42 48 
Carvaciyl propionate 3.95 188 
Carvacryl pivalate 4.65 28 
Carvacryl dichloroacetate 4.59 558 
Carvacryl trichloroacetate 5.3 114 
Carvacryl trifluoroacetate 3.98 27 
Thymol 3.4 143 
Thymyl acetate 3.42 40 
Thymyl propionate 3.95 
Thymyl pivalate 4.65 90 
Thymyl chloropivalate 4.72 
Thymyl dichloroacetate 4.59 
Thymyl trichloroacetate 5.3 208 
Thymyl chlorodifluoroacetate 4.42 14 
Verbenol 2.09 6.3 
Verbenyl acetate 3.04 32 
Verbenyl pivalate 4.28 8.9 
Verbenyl trifluoroacetate 3.6 83 
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Table 12. QSAR with monoterpenoid derivatives and inhibition 
(%) of egg hatch on the house fly 
Monoterpenoid ClogP Inhibition (%) 
Geraniol 2.77 99 
Geranyl acetate 3.72 89 
Geranyl propionate 4.24 100 
Geranyl pivalate 4.95 77 
Geranyl chloroacetate 3.83 1 
Geranyl dichloroacetate 4.89 39 
Geranyl trichloroacetate 5.59 44 
Geranyl chlorodifluoroacetate 4.71 56 
Geranyl trifluoroacetate 4.27 0 
Linalool 2.55 87 
Linalyi acetate 3.5 0 
Linalyi propionate 4.02 
Linalyi pivalate 4.73 
Linalyi chloroacetate 3.61 
Linalyi dichloroacetate 4.67 
Linalyi trichloroacetate 5.37 0 
Linalyi trifluoroacetate 4.05 0 
Menthol 3.23 47 
Menthyl acetate 4.18 52 
Menthyl pivalate 5.42 23 
Menthyl dichloroacetate 5.36 
Menthyl trichloroacetate 6.06 
Menthyl trifluoroacetate 4.74 
4-Carvonienthenol 2.75 53 
4-Carvomenthyl acetate 4.22 48 
4-Carvomenthyl pivalate 4.93 0 
4-Carvomenthyl dichloroacetate 4.87 
4-Carvomenthyl trichloroacetate 5.57 
4-Carvomenthyl trifluoroacetate 4.25 
Carveol 2.27 56 
Carvyl acetate 3.21 73 
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Table 12. (continued) 
Carvyl propionate 3.74 52 
Carvyl pivalate 4.45 88 
Carvyl chloropropionate 3.8 25 
Carvyl chloropivalate 4.51 96 
Carvyl trichloroacetate 5.09 24 
Carvacrol 3.4 99 
Carvacryl acetate 3.42 93 
Carvacryl propionate 3.95 3 
Carvacryl pivalate 4.65 0 
Carvacryl dichloroacetate 4.59 65 
Carvacryl trichloroacetate 5.3 0 
Carvacryl trifluoroacetate 3.98 0 
Thymol 3.4 78 
Thymyl acetate 3.42 57 
Thymyl propionate 3.95 
Thymyl pivalate 4.65 
Thymyl chloropivalate 4.72 
Thymyl dichloroacetate 4.59 
Thymyl trichloroacetate 5.3 0 
Thymyl chlorodifluoroacetate 4.42 
Verbenol 2.09 0 
Verbenyl acetate 3.04 0 
Verbenyl pivalate 4.28 71 
Verbenyl trifluoroacetate 3.6 93 
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Table 13. QSAR with monoterpenoids and LCso on the European com 
bore by the on-diet test, beginning with neonate first-instars 
Monoterpenoid ClogP LCso (mg per cup) 
Bomeol 2.58 
Carvacrol 3.40 
Caiveol 2.27 20 
4-Carvomenthenol 2.75 20 
d-Carvone 2.01 
/-Carvone 2.01 3.69 
Chlorothymol 4.41 
Cineole 2.76 
Citral 2.95 
Citronellal 3.26 17.6 
Citronellic acid 4.89 
Citronellol 3.25 
Eugenol 2.40 
Fenchone 2.18 
Geraniol 2.77 2.43 
10-Hydroxygeraniol 0.78 
Isopulegol 2.75 10.5 
Limonene 4.35 20 
Linalool 2.55 20 
Menthol 3.23 2.35 
Menthone 2.83 
p-Myrcene 4.33 
Perillyl alcohol 2.63 2 
Perillaldehyde 2.46 18.5 
a-Pinene 4.18 20 
p-Pinene 4.18 
Pulegone 2.50 0.29 
a-Terpinene 4.41 
P-Terpinene 4.35 
y-Terpinene 4.35 
a-Terpineol 2.63 20 
Thujone 2.03 5.4 
Thymol 3.40 1.62 
Vertenol 2.09 
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Table 13. (continued) 
Vert)enone 1.84 
Thymyl 2-fluoroethyl ether 4.24 0.27 
Geranyl 2-chloro-5-nitrocinnamate 6.45 2 
Bomyi cinnamate 5.81 0.18 
2,2,2-Trifluoroethyl citronellic ester 4.96 2.01 
Eugenyl dnnamic acid ester 5.16 2 
Propargyl citroneilate 0.05 
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APPENDK n. A TIMESAVING RESPIRATION BIOASSAY MEASURING THE 
COj PRODUCTION IN THE SOYBEAN CYST NEMATODE AND THE AMERICAN 
COCKROACH 
Sanglgrun Lee\ David Soh^ Gregory L. Tylka^, and Joel R. Coats^ 
ABSTRACT Respiratory gas exchange was studied in the soybean cyst nematode (SCN) 
and the American cockroach (AC) for a simple timesaving bioassay method design. 
Cumulative carbon dioxide efSux was measured using the infrared-gas analyzer (IRGA) to 
determine standard metabolic rates as controls and temporal patterns of monoterpenoid 
treatments. 
Keywords respiration, CO2 efflux, infrared-gas analyzer, monoterpenoid 
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Table 1. Detection of CO2 production on the soybean cyst nematode by blank test I 
CO2 production (PMR) 
24 h 48 h 72h 96h 
Blank 1 Averag 159 87.7 99 94.7 
STDEV 6.56 10.26 1 8.39 
+SCN = 30.910 
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Fig. 1 Detection of CO2 production by blank test I: PMR - peak meter reading 
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Table 2. Detection of COa production on SCN by blank test 11 (filter paper) 
CO7 production (PMk; 
Oh 24 h 48 h 72h 96 h 
Ave. 125 125 33.5 37.5 32.5 
STD. 0 0 4.95 4.95 7.78 
Ave. 135.5 29 35.5 43 37.5 
STD. 3.54 5.66 6.36 2.83 0.71 
Ave. 152.5 197 242 291 252.5 
STD. 6.36 21.21 4.24 29.7 10.61 
B1 (water) 
B2 (water, -CO2) 
B3 (EtOH. -CO2. 
+SCN = 31.200 
z & 
1 
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Fig. 2 Detection of CO2 production on SCN by blank test II (filter paper) 
193 
Table 3. Detection of CO2 production on SCN by blank test III (EtOH solution) 
CO2 production (PMR) 
Oh 24 h 48 h 72 h 96 h 
C1 (EtOH 50 id, Ave. 137 64 66 - -
-CO2. +SCN) STD. 2.83 2.83 5.66 — • 
02 (EtOH 100 fil, Ave. 138 92 106 — — 
-C02. +SCN) STD. — — — • • 
B1 (water, -CO2) Ave. 152.5 197 242 — "" 
STD. 6.36 21.21 4.24 — — 
82 (EtOH 100 yl. Ave. 140 21 21 — — 
-CO2, water) STD. — — — " * 
+SCN = 35.280 
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y = -16)C+ 144:$ 
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y = -35.5x+16(^ 5 
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Fig. 3 Detection of CO2 production on SCN by blank test III (EtOH solution) 
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Table 4. Detection of CO2 production on SCN by filter paper method 
CO2 production (PMR) 
Oh 24 h 48 h 72 h 96 h 
Perillyl alcohol Img Ave. 154 90.5 61.5 - — 
(-CO2.+SCN) STD. 2.83 2.12 0.71 - — 
Perillyl ale. 10 mg Ave. 152 61 36 — — 
(-CO2. +SCN) STD. - - - — — 
Control (EtOH, Ave. 152 90 80 — — 
-C02.+SCN) STD. - - - - — 
Blank (water,-CO:) Ave. 135 22 19 - — 
+SCN = 36,000 
GcmfrcH 
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Fig. 4 Detection of COj production on SCN by filter paper method 
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Table S. Detection of C02 production on SCN by filter paper method 
CO2 production (PMRr 
Oh 24 h 48 h 72 h 96 h 
Perillyl alcohol 1mg Ave. 141 89 73.5 - — 
(-CCJj, +SCN) STD. 1.41 0 2.12 - — 
CI (EtOH. +SCN) Ave. 135 89 80 — — 
C2 (EtOH. -SCN) Avg. 149 39 29 — — 
C3 (water, -t-SCN) Ave. 122 120 88 — — 
Blank (water. -SCN) Ave. 134 29 19 — — 
+SCN = 29,100 
PA img 
24 h 
Exposure time (h) 
48 h 
120 
03 = 1 100 
CI 
PA 
C2 
Slahk R' = 1 
24 h 48h Exposuretime (li) 
Fig. 5 Detection of CO2 production on SCN by filter paper method 
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Table 6. Detection of CO2 production (relative ratio at control 1.00) In 
the American cockroach by the topical application 
respiration ratio 
Monoterpenoid 100,000 10.000 1000 ppm control 
Bomeol Avg. 1.04 1.04 1.09 1.00 
Stdev. ±0.18 ±0.29 ±0.31 0 
Carvacrol Avg. 0.84 1.28 1.42 1.00 
Stdev. ±0.37 ±0.25 ±0.30 0 
Carveol Avg. 0.78 0.80 0.69 1.00 
Stdev. ±0.09 ±0.07 ±0.18 0 
4-Carvomenthenol Avg. 1.04 1.33 1.75 1.00 
Stdev. ±0.34 ±0.06 ±0.64 0 
/-Carvone Avg. 1.28 1.43 1.16 1.00 
Stdev. ±0.78 ±0.63 ±0.43 0 
/-Carvone Avg. 1.03 1.30 1.02 1.00 
Stdev. ±0.45 ±0.29 ±0.19 ±0 
Chlorothymol Avg. 1.15 1.15 1.13 1.00 
Stdev. ±0.45 ±0.06 ±0.17 ±0 
1,8-Cineole Avg. 1.15 1.22 0.79 1.00 
Stdev. ±0.30 ±0.97 ±0.30 ±0 
Citral Avg. 1.07 1.00 0.86 1.00 
Stdev. ±0.30 ±0.03 ±0.14 ±0 
Citral * Avg. 1.01 0.93 1.13 1.00 
Stdev. ±0.07 ±0.04 ±0.20 ±0 
Citronellal Avg. 1.96 1.73 1.52 1.00 
Stdev. ±0.34 ±0.20 ±0.40 ±0 
Citronellic acid Avg. 1.09 1.19 1.43 1.00 
Stdev. ±0.11 ±0.34 ±0.31 ±0 
Citronellol Avg. 1.04 0.66 0.67 1.00 
Stdev. ±0.22 ±0.25 ±0.15 ±0 
Decenal Avg. 0.97 1.00 1.01 1.00 
Stdev. ±0.21 ±0.10 ±0.16 ±0 
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Tables, (continued) 
Eugenol Avg. 0.94 0.77 1.10 1.00 
Stdev. ±0.46 ±0.16 ±0.39 ±0 
^Fenchone Avg. 1.85 1.08 1.03 1.00 
Stdev. ±0.69 ±0.32 ±0.43 ±0 
Geraniol Avg. 1.08 1.13 1.13 1.00 
Stdev. ±0.46 ±0.25 ±0.29 ±0 
Isopuiegone Avg. 1.01 1.06 1.04 1.00 
Stdev. ±0.32 ±0.29 ±0.27 ±0 
S-Limonene Avg. 0.86 0.63 0.66 1.00 
Stdev. ±0.01 ±0.16 ±0.33 ±0 
Linalool Avg. 0.92 0.88 1.14 1.00 
Stdev. ±0.29 ±0.71 ±0.22 ±0 
^Menthol Avg. 1.53 1.47 1.15 1.00 
Stdev. ±0.79 ±0.53 ±0.37 ±0 
Menthone Avg. 1.37 1.30 1.30 1.00 
Stdev. ±0.27 ±0.58 ±0.12 ±0 
Myrcene Avg. 0.96 1.12 1.08 1.00 
Stdev. ±0.12 ±0.05 ±0.07 ±0 
Myrtenal Avg. 1.08 1.01 0.86 1.00 
Stdev. ±0.41 ±0.28 ±0.06 ±0 
Perilialdehyde Avg. 0.94 0.91 1.01 1.00 
Stdev. ±0.24 ±0.04 ±0.12 ±0 
Perillyl alcohol Avg. 0.96 0.90 1.18 1.00 
Stdev. ±0.95 ±0.59 ±0.55 ±0 
a-Pinene Avg. 0.89 0.94 0.73 1.00 
Stdev. ±0.10 ±0.09 ±0.38 ±0 
Puiegone Avg. 1.13 0.82 1.31 1.00 
Stdev. ±0.41 ±0.27 ±0.24 ±0 
Terpinen-4-ol Avg. 1.16 1.14 1.05 1.00 
Stdev. ±0.12 ±0.25 ±0.03 ±0 
a-Terpinene Avg. 1.39 1.08 1.02 1.00 
Stdev. ±0.51 ±0.12 ±0.10 ±0 
P-Terpinene Avg. 1.11 0.96 0.96 1.00 
Stdev. ±0.31 ±0.37 ±0.25 ±0 
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Tables, (continued) 
y-Terpinene Avg. 1.04 0.96 1.05 1.00 
Stdev. ±0.23 ±0.25 ±0.13 ±0 
a-Terpineol Avg. 1.30 1.04 1.16 1.00 
Stdev. ±0.60 ±0.32 ±0.37 ±0 
Thujone Avg. 0.94 0.74 0.78 1.00 
Stdev. ±0.18 ±0.35 ±0.12 ±0 
Thymol Avg. 1.49 1.46 1.15 1.00 
Stdev. ±0.32 ±0.21 ±0.19 ±0 
Verbenol Avg. 1.11 1.10 1.22 1.00 
Stdev. ±0.20 ±0.17 ±0.33 ±0 
Verbenone Avg. 1.2 1.32 1.51 1.00 
Stdev. ±0.54 ±0.52 ±0.71 ±0 
Dinitrophenol 
100000 10000 1000 
Avg. 0.82 0.96 1.18 
Stdev. ±0.22 ±0.23 ±0.06 
100 10 1 ppm 0 
Avg. 1.08 1.09 0.97 1.00 
Stdev. ±0.23 ±0.14 ±0.24 ±0 
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